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An unanswered question in biology is how the evolution of genome structure supports 
or accompanies diversification and speciation on different time scales. African cichlid 
fishes are a well-documented system ideal for studying rapid evolution, due to their 
phenotypic diversity and high number of speciation events over the last several 
million years. I generated two de novo genome assemblies of the riverine cichlid 
Oreochromis niloticus (tilapia) and the Lake Malawi cichlid Metriaclima zebra using 
high-coverage long-read sequencing data and anchored the assemblies to 
chromosomes using several genetic and physical maps, to produce two high-quality 
anchored references. By comparing these chromosome-scale assemblies to integrated 
recombination, transcriptome, and resequencing data of multiple genera and species, I 
identified and characterized many large novel genome rearrangement events. These 
rearrangements included multiple novel sex-determination inversions, several 
metacentric-acrocentric karyotype differences via centromere assembly and 
placement, and wide regions of suppressed recombination in genera- and species-
  
level crosses of Lake Malawi cichlids. Karyotype evolution in cichlids was further 
analyzed with long-read sequencing, specifically revealing the complex structure and 
content of a highly repetitive supernumerary chromosome present in some but not all 
individuals of a population across a wide range of eukaryotes, including many cichlid 
species. These supernumerary “B” chromosomes are shown to be limited to female 
Lake Malawi cichlids and have a unique evolutionary history with B chromosomes 
present in Lake Victorian cichlids male and females. This work reveals how structural 
genomic changes impact a rapidly evolving clade, while providing high-quality 
resources for the community, a context for previous genetic studies, and a robust 
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Chapter 1: Introduction 
1.1 Genome evolution 
 Evolutionary forces shape the structure and content of genomes over time. 
The field of comparative genomics has documented changes large and small, 
including genome duplications, genome reductions, chromosome fusions, 
chromosome rearrangements, gene duplications and pseudogenization. Genomic 
conflicts contribute to the invasion of selfish genetic elements such as transposable 
elements, gene drivers and B chromosomes that also shape genomes. Many changes 
in genome structure are associated with noticeable differences in gene expression, 
specific phenotypes and overall organismal fitness. Study of the many genome 
sequences now available, for species with diverse and unique phenotypes, will 
contribute to our understanding of the forces that have shaped genome architecture.  
1.2 Cichlid fish 
 A scuba dive or snorkel in one of the Great Lakes of Africa will quickly 
reveal one of the most diverse set of vertebrates on earth. Various pigmentation 
patterns and colors of the African cichlid fish are likely the first characteristic one 
will notice. Perhaps the next distinction one may spot are the morphological 
differences between the many species of cichlids. These morphological adaptations 
have allowed many species to specialize into various niches spread throughout the 
lakes. There are also quantifiable behaviors specific to particular groups of cichlids. 
Many less obvious traits, such as visual sensitivity and sex determination systems, 






once, but multiple times and to different extents across the lakes within the African 
rift valley, which has its own rich geological history. More distantly related 
Neotropical cichlids occupy parts of central America, Madagascar and India.  In total 
there are estimated to be 3,000 species of cichlids across the world (1). The Great 
Lakes of Malawi, Victoria and Tanganyika have hosted the largest radiations of 
cichlids. Estimates of cichlid species numbers in these lakes vary from 200-250 in 
Lake Tanganyika (2) to 500-1,000 in Lake Malawi (3).  
1.3 The cichlid genome 
These cichlid fish provide an ideal system for studying many processes 
underlying speciation. Here we will use comparative genomics to begin to understand 
some of the mechanisms of cichlid speciation and the molecular basis of their diverse 
phenotypes. This first requires having well assembled genome references. The 
complete history of the cichlid genome project is probably best told over a few drinks 
with my advisor, Tom Kocher. Making a long story short, I’ll fast-forward to when 
the cichlid genome white paper was submitted to the National Human Genome 
Research Institute (NHGRI) in 2006. The original cichlid genome white paper 
proposed 5X coverage of Sanger sequencing to build a draft assembly of the riverine 
tilapia, Oreochromis niloticus and low coverage shotgun of four additional species 
(4). About eight years and dozens of conference calls later, we along with the cichlid 
community, published the first cichlid genomes in Nature (5). This work was based 
on short-read Illumina genome assemblies of five cichlids (three from the original 






state of the art using the latest genome sequencing technologies and remained some 
of the best short-read only vertebrate assemblies for some time (6).  
1.4 Chromosome-scale, high-quality reference genome assemblies 
In the years since, the limitations of genome assemblies based on short reads 
have become obvious and well cataloged. Fragmented and misassembled short read 
genome assemblies result in inconsistent gene predictions and for several reasons 
often overestimate (and sometimes underestimate) the number of genes, especially 
when assembling expanded gene families (7).  This suggests that evolutionary 
histories of genes and trait mapping conclusions drawn from flawed genome 
assemblies could easily be wrong. Indeed, some of the most interesting and perhaps 
evolutionarily important regions of the genome may be the most difficult areas to 
assemble correctly. Recently duplicated regions are notoriously difficult to assemble 
due to their high sequence identity (7). Many of these problems are due to the 
relatively short length of these reads. PCR amplification and GC bias introduce more 
problems when using Illumina data (8,9).  
Genome assembly problems were not limited to the short-read era. 
Improvements to the initial mouse draft genome assembly revealed a large amount of 
previously missing sequence, many missing duplicated genes, and regions containing 
transposable elements with importance to rodent specific biology (10). Additional 
examples from draft assemblies of the rhesus macaque (11) and Bos taurus (12) 
showed the importance of assembly quality on gene predictions. Another recent study 






actually due to genome assembly errors (13). These problems of poor draft 
assemblies have been exacerbated in the short-read era and demonstrated the need for 
higher quality genome assemblies (14). 
There were some initial efforts made by the assembly community to improve 
the situation, such as the GAGE evaluation of genome assembly software by a group 
of assembly experts. The results of the GAGE evaluation showed that data quality 
plays a large factor, that assembly contiguity varies greatly between different 
assemblers and different genomes, and that the correctness of an assembly greatly 
varies and is not well correlated with assembly contiguity (15). Similarly, the 
Assemblathon2 competition (assemblathon.org) gathered many separate groups of 
experts to “compete” to produce the best possible assemblies of a bird, a snake, and a 
fish (the Lake Malawi Metriaclima zebra) using primarily short-read data. The results 
of the competition were useful to the genomics community and while no absolute 
“winners” were awarded, it showed the need to use different types of data and metrics 
to properly evaluate genome assemblies (6). About the same time that short read 
genome assembly was reaching theoretical limits on what could be assembled given 
the limited information of the data, long read sequencing became available. Several 
initial microbial long read genomes and methods were presented (16,17) and 
eventually vertebrate genome assembly with long read sequencing became possible 
(18–20). Throughout this large shift in sequencing technology, the Genome 10K 
project has been working (21) “to assemble a genomic zoo – a collection of DNA 
sequences representing the genomes of 10,000 vertebrate species, approximately one 






the importance and benefits of shifting to long read based genome assemblies and 
have provided high standards for the genome assembly community (“N50 contig 
>1Mb, N50 Scaffold >10Mb, >90% of genome assembled into chromosomes, and 
phased as much as possible”) in their recent Vertebrate Genomes Project 
announcement (22). While these standards were just recently set forth, they 
correspond with the standards that we have put on our genome assemblies of cichlids. 
1.5 Genome structure of African cichlids 
 Accurate chromosome-level genome assemblies allow large genomic 
rearrangements and structural evolution to be studied. Cichlid karyotypes vary in 
diploid chromosome number from 32-60 (23). However, the large majority of African 
cichlid genomes consist of 22 chromosome pairs, including the two species that are 
assembled in this dissertation, Oreochromis niloticus and Metriaclima zebra. 
Neotropical cichlids have a mode of 24 diploid chromosomes. Among African and 
Neotropical cichlids there is a large amount of variation in the numbers of 
metacentric, submetacentric, subtelomeric and acrocentric chromosomes. Assembly 
and anchoring of centromere repeats on each chromosome in this work allows these 
differences in centromere position to be studied for the first time in cichlid genome 
assemblies. In O. niloticus, there is 1 metacentric/submetacentric chromosome pairs 
and 21 subtelomeric/acrocentric chromosome pairs (24). In M. zebra, there are 6 
metacentric/submetacentric chromosome pairs and 16 subtelomeric/acrocentric 






Recent work has shown there to be a large diversity in sex determination loci 
among various cichlid species (25–29). Sex determination loci have been identified 
on at least 12 different cichlid chromosomes, with several chromosomes showing 
convergent evolution of sex determination loci in different lineages. The number of 
currently identified sex determination loci is almost certainly under-sampled and 
further work will likely show a sex determination locus on every cichlid chromosome 
once more species are sampled.  Many of these sex determination loci are thought to 
be located in relatively large inversions where recombination with a tightly-linked 
sexually antagonistic allele has been suppressed (30). This rapid turnover in sex 
determination loci has likely played an important role in cichlid speciation (31) and 
has shaped much of the structural evolution in the cichlid genome.  
 Genetic recombination maps are one method to anchor assembled contigs into 
linkage groups or chromosomes. These recombination maps offer the advantage of 
providing recombination information across each chromosome that other physical 
mapping techniques do not. Patterns of recombination complement the structural 
changes identified and can help relate previous work to our genome comparisons. 
This work includes the use of five genetic recombination maps first to check genome 
assemblies, then to anchor contigs, and finally to study genome evolution in the 
species used to generate the maps. Four of the recombination maps are generated 
from crosses of Lake Malawi cichlids. The fifth map is a high-density recombination 
map using a genotyping SNP array of O. niloticus, where we are also able to compare 






maps complement the genome assemblies and allow for an additional layer of long-
range comparison to be made. 
1.6 Repetitive sequences and B chromosomes pose unique challenges and questions 
Since the repetitive regions of genomes are typically the hardest parts to 
assemble, we focused on analyzing these regions. In many cases, comparison of the 
new assemblies to the draft assemblies demonstrated the improvements being made 
and reiterated the need for high quality assemblies. The hard problem of accurately 
assembling short reads de novo can become even more difficult when other, 
unexpected elements of a genome are also sequenced and introduced to the read set. 
One such odd element that we encountered are B chromosomes (32).  
B chromosomes are non-essential, supernumerary chromosomes that are 
present in addition to the normal (“A”) karyotype of an organism. They were first 
identified over 100 years ago (33). B chromosomes can be regularly found in some, 
but not all, individuals of a given population. They are estimated to occur across 15% 
of all eukaryotes (34) covering a wide range of taxa from fungi to plants to animals, 
including mammals (35). B chromosomes have been well studied cytogenetically but 
are only recently beginning to be understood at the genomic level (36).  Originally 
thought to contain mostly repetitive DNA sequence and to be completely 
heterochromatic, recent studies have begun to show that B chromosomes contain 
transcribed genic sequences (32,37).  
In Lake Victoria, B chromosomes have been found in a subset of species. 






population of cichlids, but not the majority of populations harboring B chromosomes 
(38). The same study also showed that the size of B chromosomes varies greatly even 
within the same population.  
We previously sequenced an individual with two B chromosomes and an 
individual with zero B chromosomes of the Lake Victorian cichlid Astatotilapia 
latifasciata. We were able to characterize regions of the B chromosome (B “blocks”) 
that were homologous to sequences along the A chromosomes that revealed insights 
into the origin and evolution of that B chromosome (32). When we compared those B 
chromosome blocks to the original draft genome assembly of the Lake Victoria 
cichlid, Pundamilia nyererei, we realized that the fish chosen for genome sequencing 
also carried a similar B chromosome. This contributed to errors in the P. nyererei 
assembly in regions where the B chromosome was homologous with the A genome. 
These results demonstrated that karyotyping is an important first step in eukaryotic 
genome projects, especially if B chromosomes are known to be present in closely 
related species. Additional analysis of the transcriptomes of this individual allowed 
for the identification of several B chromosome genes that are being transcribed (32).  
B chromosomes have also been karyotyped in a species of the Lake Malawi 
cichlid, Metriaclima lombardoi (39). Recently, we have sequenced over 20 different 
populations of Lake Malawi cichlids and have identified B chromosomes present in 
one copy, and solely in female individuals, of at least 7 populations (40). Based on 
these initial findings, we have re-sequenced multiple female individuals of these 
populations using short read data, and a single individual using long read data. We 






Comparisons among the Lake Malawi B chromosomes, and between the Lake 
Victorian B chromosome, were made to discover what sequence content they share. 
The origin, evolution, maintenance and role of B chromosomes in African cichlids is 
presented. 
1.7 Outline of dissertation chapters 
Chapter 2 describes our initial work using long read sequencing to improve 
the original M. zebra genome assembly. It presents the improvements in genome 
assembly and downstream analysis that could be made with a moderate amount of 
long read data. Chapter 3 focuses on a de novo assembly of O. niloticus using high 
coverage long reads, the improvements made to this genome assembly and how it 
allowed for the characterization a sex determination system in two species. Chapter 4 
refines the O. niloticus assembly using a new high-density map and we present a de 
novo anchored assembly of M. zebra. Using these two chromosome-scale genome 
assemblies we are able to characterize a large amount of structural variation between 
the two genomes, account for the karyotype differences, describe unique and 
interesting patterns of recombination across the genome, and relate each of these 
features to several known phenotypes in cichlids. Finally, chapter 5 defines the B 
chromosome present in Lake Malawi species using both long read sequencing of an 
individual and short read sequencing of many species. This B chromosome is 
compared to the B chromosome of Lake Victoria and that points to a possible shared 







Chapter 2: An improved genome reference for the African 
cichlid, Metriaclima zebra 
 
Previously published in: Conte MA and Kocher TD. An improved genome reference 
for the African cichlid, Metriaclima zebra. BMC Genomics. 2015;16(1):724. 
2.1 Abstract 
2.1.1 Background 
Problems associated with using draft genome assemblies are well documented and 
have become more pronounced with the use of short read data for de novo genome 
assembly. We set out to improve the draft genome assembly of the African cichlid 
fish, Metriaclima zebra, using a set of Pacific Biosciences SMRT sequencing reads 
corresponding to 16.5x coverage of the genome. Here we characterize the 
improvements that these long reads allowed us to make to the state-of-the-art draft 
genome previously assembled from short read data. 
2.1.2 Results 
Our new assembly closed 68% of the existing gaps and added 90.6 Mbp of new non-
gap sequence to the existing draft assembly of M. zebra. Comparison of the new 
assembly to the sequence of several bacterial artificial chromosome clones confirmed 
the accuracy of the new assembly. The closure of sequence gaps revealed thousands 
of new exons, allowing significant improvement in gene models.  We corrected one 






(73%) of the new sequence was classified as repetitive and the new sequence allowed 
for the assembly of many more transposable elements. 
2.1.3 Conclusions 
Our improvements to the M. zebra draft genome suggests that a reasonable 
investment in long reads could greatly improve many other comparable vertebrate 
draft genome assemblies. 
2.1.4 Keywords 




Advances in high-throughput genome sequencing have allowed relatively inexpensive 
genome projects to be conducted for almost any organism. Projects such as the 
‘Genome 10K Project’, which aims to sequence 10,000 vertebrate genomes (41), and 
the ‘Bird 10K’ project, which aims to sequence 10,500 bird species (42) have 
accelerated the production of draft genome sequences.  Although attempts have been 
made to establish standards for declaring a genome sequence ‘complete’ (21), the 
quality of draft genomes varies dramatically. The limitations of using these draft 
genomes for downstream analyses has been documented (7,14). In spite of these 
limitations, it is clear that such draft genomes will continue to be the basis for genetic 






 The use of short (up to several hundred bp) reads has been driven by the 
desire to reduce costs of DNA sequencing (43). Short read sequencing technologies 
are appealing, as the cost per base is relatively cheap. However, short reads make the 
de novo assembly process more difficult when the genome contains repeats that 
exceed the read length, which is typical for even relatively small genomes (44). In 
addition, sequencing coverage biases caused by variation in base composition and 
PCR amplification further complicate the task of the assembler (8,9). Many different 
molecular biology and computational techniques have been developed that attempt to 
circumvent the problems associated with short read length, while keeping the cost of 
genome sequencing projects low. One technique is the use of paired-end and mate-
pair jumping libraries. The power of this technique was demonstrated when a usable 
human draft genome assembly was produced using a combination of differently sized 
short read jumping libraries (180bp to 40kb) with the ALLPATHS-LG assembler 
(45).  
 The Assemblathon2 contest was organized as a friendly competition to assess 
current methods and evaluate the state of genome assembly by providing primarily 
short read datasets for three different vertebrate genomes.  Assemblathon2 
demonstrated that there was a lot of variability between submitted assemblies, and 
still plenty of room for improvement (6). One of the three species used in the 
Assemblathon2 was the Lake Malawi cichlid fish, Metriaclima zebra.  African cichlid 
fish are an ideal system for studying evolutionary mechanisms due to their phenotypic 
diversity and rapid speciation (31). Draft genomes of M. zebra and four other African 






M. zebra draft assembly (‘M_zebra_v0’) was among the best entries submitted to 
Assemblathon2.  However, our extensive use of this assembly has revealed problems 
with gene models in or near assembly gaps, misassemblies encountered during the 
course of chromosome walks, and spurious spikes of differentiation statistics near gap 
or scaffold edges. These problems are likely not unique to this genome project and 
complicate the use of many similar draft genomes.  
To improve the M. zebra draft assembly, we generated a 16.5x set of Pacific 
Biosciences SMRT (Single Molecule, Real-Time) sequencing reads. These ‘long’ 
PacBio reads can be used to improve draft assemblies by spanning gaps around 
repetitive regions and joining contigs and scaffolds (47). Here we set out to improve 
the M_zebra_v0 genome assembly both to create a better reference assembly for the 
cichlid research community and to explore the improvements made possible with the 




Our new ‘M_zebra_UMD1’ assembly is based on the recently published M_zebra_v0 
assembly (46).  Misassemblies in the M_zebra_v0 assembly were identified as 
regions poorly supported by the existing Illumina mate-pair libraries. The assembly 
was ‘broken’ at these locations.  A newly generated 16.5x coverage PacBio read set 
was error-corrected to improve base accuracy and identify potentially chimeric reads.  






scaffolds in the broken M_zebra_v0 assembly. The new M_zebra_UMD1 assembly 
was then evaluated by comparison to the sequence of individual bacterial artificial 
chromosome (BAC) clones, alignment of independently assembled transcriptomes, 
and calculation of assembly completeness and likelihood statistics. Figure 2.1 
provides an overview of this assembly process with several assembly statistics shown 




















Figure 2.1. Genome assembly overview. Input datasets and the various steps involved in the assembly of M_zebra_UMD1 are 







2.3.2 Illumina datasets 
The M_zebra_v0 assembly was originally created using seven different Illumina 
insert size libraries (46) as input to the ALLPATHS-LG assembler (45). Table 2.1 








Type Library size # of reads # of bp Sequence coverage 
Fragment 180 +/- 15 597,610,332 60,358,643,532 60x 
2-3kb jump 2,218 +/- 363 492,188,542 49,711,042,742 50x 
2-3kb jump 2,738 +/- 352 217,999,666 22,017,966,266 22x 
5kb jump 4,362 +/- 625 147,317,752 14,879,092,952 15x 
7kb jump 6,080 +/- 759 158,260,012 15,984,261,212 16x 
9kb jump 8,099 +/- 1,345 143,454,662 14,488,920,862 14x 
11kb jump 9,079 +/- 2,388 114,671,088 11,581,779,888 12x 
40kb jump 38,038 +/- 4,331 38,364,464 2,762,241,408 2.8x 
Total  1,909,866,518 191,783,948,862 192x 







2.3.3 REAPR consensus breaking 
Recognizing Errors in Assemblies using Paired Reads (REAPR) is a tool that uses 
paired-read libraries to evaluate genome assembly accuracy, flag regions with 
potential errors, and break incorrectly joined scaffolds (48). We ran REAPR version 
1.0.17 on the M_zebra_v0 assembly using each of the libraries in Table 2.1 
separately. First, the REAPR ‘smaltmap’ task was run to align each of the libraries to 
the M_zebra_v0 assembly using SMALT version 0.7.6. SMALT is the recommended 
aligner for REAPR as it allows for reads in a pair to be mapped independently and not 
be forced to map at an expected insert distance, which is an important factor for 
identifying potential misassemblies. The alignments for the two separate 2-3kb 
libraries listed in Table1 were merged using the ‘samtools merge’ command. The 
REAPR ‘perfectfrombam’ task was run on the SMALT alignment of the short-insert 
fragment library to generate read-depth information and identify repetitive regions. 
The REAPR ‘pipeline’ task was then run separately for each of the jump libraries. 
The high-quality short-insert alignment from the ‘perfectfrombam’ task was supplied 
to the ‘pipeline’ task for each of the jumping libraries. Aggressive breaking (‘-break 
a=1’) was also performed as it breaks scaffolds at regions where the fragment 
coverage distribution is low and potentially misassembled. The output of the REAPR 
‘pipeline’ task includes the locations where REAPR broke the M_zebra_v0 assembly. 
Locations in the M_zebra_v0 assembly that were broken by a majority (four or more) 






on this consensus.  A Venn diagram of the overlap of REAPR breaks between the 
libraries (Figure 2.2) was created using jvenn (49). 
 In addition to breaking the M_zebra_v0 assembly using REAPR, we also 
randomly broke the assembly to evaluate how well random breaks could be put back 
together with the PacBio reads. The M_zebra_v0 assembly was randomly broken the 














Figure 2.2. Overlap and number of REAPR breaks with different sized Illumina insert 
libraries. A) Venn diagram showing the overlapping REAPR breaks generated by 
each of the different Illumina insert libraries provided in Table 2.1. B) Histogram 
showing the total number of breaks for each library. The 11kb Illumina library was 
omitted as it produced far more breaks (35,135) than the other libraries and was less 
complex overall. C) Chart showing the number of REAPR breaks shared by a 
particular number of libraries (40 breaks shared by all 5 libraries, 609 shared by 4 
libraries, etc.) 
2.3.4 Pacific Biosciences SMRT sequencing 
The Qiagen MagAttract HMW DNA kit was used to extract high-molecular weight 
DNA from a nucleated blood cell sample from a new individual from the same 
population used for the Broad Institute sequencing project. Size selection was 
performed at the University of Maryland Genomics Resource Center using a Blue 
Pippin pulse-field gel electrophoresis instrument. A library was constructed and 24 
SMRT cells were sequenced on their PacBio RS II using the P5-C3 chemistry.  
 
2.3.5 Proovread error correction 
Proovread is a hybrid error correction pipeline for correcting PacBio SMRT reads 
using short read data (50). This step is important as the raw PacBio subreads are only 
~85% accurate (51) and we obtained only a modest 16.5x coverage set of reads. The 
PacBio subreads also contain chimeric reads at a rate of 1-2% (52). Proovread 






and also identifies previously undetected SMRTBell adapter sequences in the PacBio 
subreads (designated as “siameric” sequences within Proovread).  
 As shown in Figure 2.1, we used the ~60x Illumina fragment library for 
Proovread error correction. This Illumina library was designed so that pairs would 
overlap and slightly longer reads could be generated. We first trimmed and filtered 
these reads using Trimmomatic version 0.32 with the following settings: 
ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 SLIDINGWINDOW:4:20 LEADING:10 
TRAILING:10 CROP:101 HEADCROP:0 MINLEN:80.  The adaptor sequences used 
in the TruSeq2-PE.fa file are provided in Additional File 1. We then used FLASH 
(53) version 1.2.11 with a mis-match density of 0.15 (-x 0.15) to overlap the trimmed 
reads. These trimmed, filtered and overlapped Illumina reads were used for error 
correction with Proovread. The Proovread ‘SeqChunker’ tool was used to split the 
3,031,205 PacBio subreads into 128 similarly sized files to run Proovread on our 
cluster. Proovread version 2.10 was run with the following BWA mem ‘bwa-pre’ 
configuration settings: -k 12 -W 20 -w 40 -r 1 -D 0 -y 20 -A 5 -B 11 -O 2,1 -E 4,3 -T 
2.5 -L 30,30 and the following BWA mem ‘bwa-finish’ configuration settings: -k 17 -
W 18 -w 40 -r 1 -D 0 -y 20 -A 5 -B 11 -O 2,1 -E 4,3 -T 3.5 -L 30,30. 
2.3.6 Gap closure and scaffolding with PBJelly 
PBJelly is a pipeline for upgrading genome assemblies using PacBio reads (47). 
PBJelly version 14.9.9 was run using the error corrected PacBio reads as described 
above. The initial PBJelly ‘setup’ step was run with the ‘--minGap’ parameter set to 






‘mapping’ step aligned the corrected PacBio reads to the consensus REAPR broken 
M_zebra_v0 assembly using BLASR (54) version 1.3.1.127046 and the following 
parameters: -minMatch 8 -minPctIdentity 70 -bestn 1 -nCandidates 20 -maxScore -
500 –noSplitSubreads. The PBJelly ‘assembly’ step was run with the ‘--maxWiggle' 
parameter set to 2000 to account for predicted gap size error in the M_zebra_v0 
assembly. The other PBJelly steps (‘support’, ‘extraction’, ‘output’) were run with 
default parameters. 
2.3.7 Quality assessment and validation 
GMAP (55) version 2014-12-06 was used to align existing RNA-seq transcriptome 
assemblies of eleven M. zebra tissues. The transcriptome assemblies were created 
using Trinity (56) as part of the cichlid genome project (46) and made available as 
supplementary information (57).  
Three BAC clones that were previously sequenced and assembled using 
Sanger technology were aligned to the existing and newly produced assemblies for 
validation. These published BACs correspond to several opsin gene loci: 
SWS2A/SWS2B/LWS (GenBank accession JF262084.1, 107.6kbp), SWS1 
(GenBank accession JF262085.1, 77.6kbp), and RH2B/RH2A (GenBank accession 
JF262089.1, 83.5kbp) (58). The BAC sequences were aligned to the corresponding 
M_zebra_v0 and M_zebra_UMD1 assembly sequences using Gepard (59) version 
1.30 to create dotplots for comparison. 
Completeness of the intermediate and final M_zebra_UMD1 assemblies was 






CEGMA relied on GeneWise version 2.4.1, HMMER version 3.1b1, and NCBI 
BLAST+ version 2.2.29+. The 248 mostly highly conserved core eukaryotic gene set 
provided by CEGMA was used. 
The likelihoods of the intermediate and final M_zebra_UMD1 assemblies 
were evaluated using ALE (61). Each of the Illumina libraries were aligned to the 
assemblies using Bowtie2 (62) version 2.0.2 with the ‘--very-sensitive’ preset 
parameter. The uncorrected PacBio reads were aligned to assemblies with BLASR 
version 1.3.1.127046 using the same parameters used above with PBJelly and the ‘-
sam’ option to produce a SAM file for input to ALE.  ALE was then run on each of 
the respective alignment files to produce likelihood and mapping statistics for each 
library.  
Summary statistics of the assemblies were compiled using the 
assemblathon_stats.pl script (63). 
2.3.8 RepeatMasker comparisons 
RepeatModeler (64) version open-1.0.8 was used to identify and classify de novo 
repeat families in each of the respective assemblies. To obtain a reasonable 
comparison, RepeatModeler was run using both the M_zebra_v0 and 
M_zebra_UMD1 assemblies separately. The consensus repeat sequences generated 
by RepeatModeler for each assembly were combined with the Repbase RepeatMasker 
library version 20140131. RepeatMasker (65) version open-4.0.5 was run with 
NCBI/RMBLAST version 2.2.27+ using the ‘-lib’ option to specify the respective 






M_zebra_v0 were modeled using the M_zebra_v0 assembly and repeats predicted for 
M_zebra_UMD1 were modeled using the M_zebra_UMD1 assembly. 
 
2.4 Results and Discussion 
2.4.1 REAPR consensus breaking identifies misassemblies in M_zebra_v0 
 
A genetic linkage map of M. zebra consisting of 834 RAD-tag markers was 
previously constructed (66). Comparison of this map to the original M_zebra_v0 
assembly identified a misassembly on the largest scaffold (scaffold_0). Table 2.2 
shows the alignment of scaffold_0 to markers on two separate constructed linkage 
groups (LG7 and LG14) within this genetic map, identifying the misassembly. Based 
on the map data we narrowed the location of the misassembly to a 1.7Mbp region 

















Group Map Position (cM) 
Position on Scaffold 
0 
33761 14 8.093 29,187 
36558 14 7.385 169,879 
12821 14 14.980 821,093 
36086 14 9.480 937,855 
47854 14 3.352 1,085,027 
32200 14 2.455 1,988,503 
55726 14 6.711 3,426,502 
    
MZ371 7 64.131 5,124,400 
Ed1012 7 58.564 13,037,865 
UNH973 7 55.946 15,726,268 
Table 2.2 - Genetic markers that map to scaffold 0 of the M_zebra_v0 assembly. 
Markers on LG7 and LG14 are ordered by their position aligned to scaffold_0 of 
M_zebra_v0. 
 
Within this 1.7Mbp region there was a 19bp gap at scaffold_0:3,622,144 where 
REAPR also predicted a misassembly for 5 out of the 6 Illumina insert libraries listed 
in Table 2.1. The 40kb library was the only library where REAPR did not predict a 
misassembly. The 40kb library was also the only jumping library that had mate-pairs 
that properly spanned this gap. REAPR predicted a misassembly at this gap for the 
other 5 jumping libraries either because they did not have spanning mate-pairs, had 
mate-pairs improperly oriented, and/or had mate-pairs aligning at a distance much 
different than the expected insert size. This small 19bp gap also had no PacBio reads 
that spanned it. It is likely that this is the exact location of the misassembly identified 
by the genetic map data.  
In addition to this known misassembly, REAPR identified many additional 






breaks that REAPR predicted using the Illumina insert libraries listed in Table 2.1. 
Inspection of paired-read mappings from the 11kb library revealed that it was much 
less complex than any of the other libraries.  Using this library, REAPR broke the 
M_zebra_v0 assembly 35,135 times. This was far more times than any other library 
and more than twice that of the 5kb library REAPR breaks (14,629 breaks). We 
elected to remove this 11kb library from subsequent analyses. 
The number of REAPR breaks shared by 5, 4, 3, 2 or 1 libraries was 40, 649, 
3073, 9835 and 32107 respectively (Figure 2.2).  To begin our reassembly process we 
had to choose the most appropriate number of REAPR breaks of the M_zebra_v0 
assembly. Breaking the assembly too few times could leave unidentified 
misassemblies, while breaking too many times would fragment the assembly more 
than necessary. PacBio provides the SMRT View tool (67) for visualizing PacBio 
read alignments created using their BridgeMapper SMRT Pipe module within the 
SMRT-Analysis software suite (68). The BridgeMapper module creates split read 
alignments with BLASR that can be used to identify misassemblies. Using these tools 
we were able to manually inspect the PacBio split read alignments and estimate that 
there are ~200-1000 misassemblies in the M_zebra_v0 assembly. 
 We also evaluated the rate of false positive breaks by quantifying the number 
of REAPR breaks that could be re-joined with PBJelly and the corrected PacBio 
reads. For the M_zebra_v0 assembly that was broken randomly, 541/649 (83.4%) of 
the breaks were reassembled in the original M_zebra_v0 assembly order.  In contrast, 
only 75 (11.6%) of the 649 REAPR breaks were reassembled in the original 






82% of the time (Table 2.3).  The percentage of REAPR breaks that are reassembled 
increases as the number of breaks increases, but is still far from the percentage of 
random breaks that are rejoined. It is clear that the consensus REAPR breaks have 
identified regions of the M_zebra_v0 assembly that were poorly supported and often 
misassembled. These regions are difficult to reassemble even with the corrected 















5 out of 5 40 3 (7.5%) 33 (82.5%) 
4 out of 5 649 75 (11.6%) 541 (83.4%) 
3 out of 5 3,073 509 (16.6%) 2,530 (82.3%) 
2 out of 5 9,835 2,135 (21.7%) 8,024 (81.6%) 
1 out of 5 32,107 8,225 (25.6%) 25,389 (79.1%) 
Table 2.3 - REAPR and random breaks reassembled. 
Based on the manual inspection of split read alignments and the rate of false 
positive breaks that were introduced we chose to break the M_zebra_v0 assembly 
wherever REAPR had predicted a misassembly in 4 or more of the Illumina insert 
libraries. This resulted in an assembly that was broken 649 times (40 breaks found in 
5 or more libraries plus 609 breaks found in 4 or more libraries, Figure 2.2).  
 
2.4.2 Proovread error correction 
 
We generated a 16.5x set of PacBio reads using with the P5-C3 chemistry. However, 






chimeric reads at a rate higher than 1% (52). In addition, the SMRTbell adapter 
sequences are not always removed properly and may persist in 1% to 5% of filtered 
PacBio subreads (Thomas Hack, personal communication). These particular 
sequences are deemed “siameric” reads because they contain twin reads connected by 
the adapter. To detect and clip both chimeric and siameric reads as well as improve 
the base-level accuracy of the PacBio reads we ran Proovread (50). The ~60x short-
insert Illumina library was first overlapped to produce longer reads (mean overlapped 
read length = 154bp, ~30x coverage) which were then used for the Proovread error-
correction (Figure 2.1). Table 2.4 provides summary statistics of the PacBio reads 
before and after the Proovread error-correction. While the mean and N50 read length 
decreased, chimeric and siameric reads were detected at the expected rates and 
corrected by Proovread. There was a tradeoff between having longer PacBio reads 
with a small percentage of chimeric reads or somewhat shorter but error-corrected 
PacBio reads.  We chose to remove the chimeric reads and use the set of shorter and 
error-corrected PacBio reads, especially considering the modest 16.5x coverage and 
the potential for chimeric/siameric introductions into the assembly.  
 
 Uncorrected Proovread corrected  
Number of reads 3,031,205 3,891,278 
Mean read length 5,457 3,014 
N50 read length 7,866 4,716 
Number of chimeric reads detected 119,924 (3.95%) - 
Number of siameric reads detected 37,836 (1.25%) - 







2.4.3 Gap filled assembly 
 
Once the known and putative misassemblies were broken, and the errors in the 
PacBio reads were corrected, the M_zebra_v0 assembly was ready to be improved 
using PBJelly.  Table 2.5 provides summary statistics of three assemblies: 1) the 
original M_zebra_v0 draft assembly, 2) M_zebra_v0 after being broken 649 times by 
REAPR, 3) and the broken assembly after gap-filling with PBJelly using the 




















Assembly M_zebra_v0 REAPR broken M_zebra_UMD1 
Number of scaffolds 3,750 4,076 (+8.69%) 3,560 (-5.07%) 
Total size of scaffolds 848,776,495 848,503,369 (-0.03%) 859,851,869 (+1.3%) 
Longest scaffold 18,958,539 12,137,054 (-35.98%) 14,997,410 (-20.89%) 
Mean scaffold size 226,340 208,171 (-8.03%) 241,531 (+6.71%) 
N50 scaffold length 3,699,709 2,783,035 (-24.78%) 3,158,421 (-14.63%) 
NG50* scaffold length 3,007,690 2,252,862 (-25.10%) 2,555,048 (-15.05%) 
Scaffold %N 15.93 15.9 (-0.19%) 6.47 (-59.38%) 
Number of gaps 68,336 68,010 (-0.48%) 21,436 (-68.63%) 
Non gap bp 713,636,566 713,635,591 (~0.00%) 804,240,107 (+12.70%) 
Total gap bp 135,139,929 134,867,778 (-0.2%) 55,611,762 (-58.85%) 
Number of exons mapped 4,492,869 4,492,551 (-0.01%) 4,591,788 (+2.20%) 








Most of the 649 REAPR breaks occurred at gaps.  REAPR typically broke the 
M_zebra_v0 assembly twice, once on each side of the gap, generating 326 more 
scaffolds. Many of these broken scaffolds were put back together with the corrected 
PacBio reads in the new M_zebra_UMD1 assembly.  The new assembly has 190 
(5%) fewer scaffolds relative to M_zebra_v0, and 516 (12.7%) fewer scaffolds 
relative to the REAPR broken assembly.  These may not seem like sizeable 
differences, but the M_zebra_v0 assembly was scaffolded using a ~40kb jumping 
library, with a mean insert size (38,038bp) that is longer than the longest error-
corrected PacBio read in our dataset (33,000bp). Therefore, since the M_zebra_v0 
assembly was already relatively well placed into scaffolds, we did not see a large 
reduction in the number of scaffolds. We expect that draft assemblies that do not 
include mate pair libraries at this scale will experience a greater improvement using 
the long PacBio reads.  
The total length of the M_zebra_UMD1 assembly increased by 11.1Mbp 
(+1.3%). However, this leaves out the fact that 79.5Mb of gaps were filled, for a total 
of 90.6Mb of new sequence.  The total length of the assembly contained in gaps 
decreased from 15.93% to 6.47% of the assembly length, a 59% improvement. The 
number of gaps decreased by 70%, from 68,336 to 21,436.  Further assembly metrics 
are provided in Additional File 2.  
We mapped existing transcriptome assemblies from 11 tissues of M. zebra 






exons increased by 98,919 (+2.20%). This count includes exons that are present in 
multiple transcript isoforms and are thus counted multiple times.  
 
2.4.4 Assembly completeness 
 
To assess the completeness of the assemblies we ran CEGMA (60), which scores the 
presence of 248 core eukaryotic genes (CEGs) in a given assembly. Table 2.6 
provides the CEGMA completeness report for both the original M_zebra_v0 and the 
new M_zebra_UMD1 assemblies. The total number of complete plus partial CEGs is 
the same in both assemblies (237). However, the new M_zebra_UMD1 assembly 
contains 7 (2.6%) more complete CEGs than the original M_zebra_v0 assembly. This 
increase in complete CEGs can be attributed to filling gaps that occur within gene 
models. One example of this was seen in the assembly of the predicted piwi-like 
protein (NCBI accession XM_004544701.1). Figure 2.3 shows this piwi-like RefSeq 
mRNA sequence aligned to the M_zebra_UMD1 assembly. When the transcriptome 
assemblies were mapped to the M_zebra_UMD1 assembly, it became evident that the 
gaps in the original M_zebra_v0 assembly had left out at least 10 of the exons in this 








Assembly M_zebra_v0 M_zebra_UMD1 
Complete CEGs 227 (91.53%) 233 (93.95%) 
% Of complete CEGs with multiple orthologs 25.55  26.61 
Complete + Partial CEGs 237 (95.56%) 237 (95.56%) 
% Of complete + partial CEGs with multiple orthologs 28.69 29.96 
Total complete CEGs including putative orthologs 302 314 
Average number of orthologs per complete CEG 1.33 1.35 
Total complete + partial CEGs including putative orthologs 331 338 
Average number of orthologs per complete + partial CEG 1.4 1.43 











Figure 2.3 - Gap filling improves gene models. The top (light-blue) track shows the original RefSeq gene model (XM_004544701.1) 
based on the M_zebra_v0 assembly aligned to the M_zebra_UMD1 assembly. The middle (red) track indicates the location of the gaps 
(now filled) in the original M_zebra_v0 assembly. The bottom (blue) track shows the testis transcriptome assembly aligned to 






The new M_zebra_UMD1 assembly contains an increased number of CEGs 
that have multiple orthologs (62, increased from 58). These orthologs were collapsed 
in the M_zebra_v0 assembly and have been separately assembled in the 
M_zebra_UMD1 assembly.  Extrapolated across the genome, the difference in the 
number of genes with multiple orthologs amounts to hundreds of new genes. 
2.4.5 Comparison with BACs from opsin loci 
 
Three M. zebra BAC clones previously sequenced and assembled using Sanger 
technology (58) were used to evaluate the accuracy of the error-correction and gap-
filling procedures. Figure 2.4 shows dotplot alignments of these sequenced BACs to 
both the M_zebra_v0 and M_zebra_UMD1 assemblies. Most of the gaps in the 
M_zebra_v0 assembly have been filled in the M_zebra_UMD1 assembly. Several 
small gaps remain in the M_zebra_UMD1 assembly, as can be seen in Figure 2.4B 
and 4D. BAC clone JF262085.1 (encompassing the SWS1 opsin) was the only BAC 
of the three that had gaps in the original assembled BAC sequence. The incongruence 
in the lower left portion of the Figure 2.4D dotplot represents a difference in the size 
of the gap between the JF262085.1 BAC and the M_zebra_UMD1 assemblies. The 
abnormal alignment in the upper right portion of the dotplot in Figure 2.4D represents 
a small 20bp gap in the M_zebra_v0 assembly that has been “overfilled” by PBJelly 
with 779 bases. Both of these differences likely represent some structural sequence 
variation between the individual fish used for the BAC, M_zebra_v0 and 












Figure 2.4 - Dotplot alignments of opsin BACs to M_zebra_v0 and M_zebra_UMD1 
to validate filled gap sequence. RH2B/RH2A (JF262089.1) versus M_zebra_v0 (A) 
and M_zebra_UMD1 (B).   SWS1 (JF262085.1) versus M_zebra_v0 (C) and 
M_zebra_UMD1 (D).  SWS2A/SWS2B/LWS (JF262084.1) versus M_zebra_v0 (E) 
and M_zebra_UMD1 (F). 
2.4.6 Assembly likelihood 
 
The assembly summary metrics provided in Table 2.5 indicate the new 
M_zebra_UMD1 assembly is better in all respects except maximum scaffold length   
(-21%) and scaffold N50 (-15%). However, these decreases in continuity are 
accompanied by an overall improvement in accuracy and completeness of the 
assembly. To further quantify the accuracy of the new assembly we ran the Assembly 
Likelihood Evaluation (ALE) program (61).  This tool integrates read quality, mate-
pair orientation, insert size, coverage and k-mer frequencies to provide a statistical 
measurement of assembly quality. Table 2.7 provides a summary of the ALE metrics 
calculated for several different read sets against both the M_zebra_v0 and 
M_zebra_UMD1 assemblies. The overall ALE likelihood score itself is not intended 
to be used to compare assemblies created from different datasets as is the case for the 
M_zebra_v0 (Illumina only) and M_zebraUMD1 (Illumina + PacBio). However, the 
remaining assembly metrics provided in the ALE output are very useful for 
comparison. For each Illumina library, the total number of placed reads is greater, the 
number of unmappable bases is lower, the number of unmappable regions is lower 






compared to the M_zebra_v0 assembly. For brevity, only 3 of the 7 Illumina libraries 
are shown in Table 2.7, but the remaining libraries show the same trends (Additional 
File 3). A surprising amount of the genome had bases with 0 coverage alignment for 
the Illumina libraries. Some of this can be explained by the 55.6Mbp of gaps that 
remain in the M_zebra_UMD1 assembly, since ALE calculates gaps as bases with 0 
coverage. The remaining ~66Mbp with 0 coverage (short-insert and 2-3kb Illumina 
libraries in Table 2.7) is mostly covered by the PacBio library. The ~10Mbp with 0 
coverage for the PacBio library reflects regions where the library either did not have 
any reads by chance or where only the Illumina libraries were able to sequence 



















 M_zebra_v0 M_zebra_UMD1 
Illumina short insert 
library   
#Total Placed Reads 384,925,943 390,482,375 
# Unmappable Bases 132,637,543 57,405,631 
# Unmappable Regions 57,998 14,063 
Bases with 0 Coverage 139,693,095 121,246,622 
   
Illumina 2-3kb insert 
library   
#Total Placed Reads 320,493,115 341,717,744 
# Unmappable Bases 133,188,276 56,563,974 
# Unmappable Regions 58,324 14,069 
Bases with 0 Coverage 143,109,574 121,181,395 
   
Illumina 40kb insert 
library   
#Total Placed Reads 20,487,153 22,971,340 
# Unmappable Bases 144,670,975 60,104,659 
# Unmappable Regions 73,341 25,254 
Bases with 0 Coverage 518,909,366 492,713,889 
   
16.5x PacBio library   
#Total Placed Reads 2,703,712 2,794,402 
Average Read Length 3,772 4,258 
Average Read Overlap  3,453 3,886 
# Unmappable Bases 82,472,941 45,023,176 
# Unmappable Regions 18,363 6,349 
Bases with 0 Coverage 114,035,849 65,141,623 
Table 2.7 - Summary of assembly likelihood (ALE) results. 
2.4.7 Analysis of transposable elements and repetitive sequences 
 
A large amount of the sequence that was added in the new M_zebra_UMD1 assembly 
is composed of repetitive sequences and transposable elements that were either 
collapsed or not assembled in the original M_zebra_v0 assembly. We analyzed the 






content of the sequence that was added in M_zebra_UMD1. Table 2.8 lists several of 
the most abundant transposable element super families in the two assemblies. For 
most of the transposable element super families, the number of elements increased in 
the M_zebra_UMD1 assembly. Those transposable elements that decreased in 
number still increased in total bp, which means that the sequence of individual 
transposable element copies were longer in the M_zebra_UMD1 assembly. The 
assemblies of longer repeat copies can be seen for both the DNA hAT-Ac and LINE 
L1 transposable elements (Figure 2.5). Additional File 4 provides a detailed list of 


























DNA TcMar-Tc1 133,563 
30,394,950 
(-3.58%) 227.6 152 137,896 
40,100,895  
(4.66%) 290.8 173 4,333 9,705,945 63.2 21 
  
 hAT-Ac 41,018 
9,251,093 
(1.09%) 225.5 143 43,310 
16,553,134  
(1.93%) 382.2 215 2,292 7,302,041 156.7 72 
  
LINE L1 9,184 
3,265,323 
(0.38%) 355.5 190 11,186 
7,488,720  
(0.87%) 669.5 318.5 2,002 4,223,397 313.9 128.5 
  
 L2 65,651 
14,708,900 
(1.73%) 224.0 148 62,048 
18,525,102  
(2.15%) 298.6 168 -3,603 3,816,202 74.5 20 
  
 Rex-Babar 25,685 
6,087,899 
(0.72%) 237.0 139 30,109 
14,508,668  
(1.69%) 481.9 202 4,424 8,420,769 244.8 63 
  
LTR Gypsy 10,865 
3,908,793 
(0.46%) 359.8 159 14,026 
6,476,548  
(0.75%) 461.8 184 3,161 2,567,755 102.0 25 
  
 Ngaro 3,955 
393,178 
(0.05%) 99.4 94 10,633 
1,841,475  
(0.21%) 173.2 157 6,678 1,448,297 73.8 63 
  
SINE MIR 12,756 
1,741,837 
(0.21%) 136.6 111 10,900 
2,395,459  
(0.28%) 219.8 165 -1,856 653,622 83.2 54 
  
 tRNA-Core 7,419 
953,921 
(0.11%) 128.6 124 12,054 
1,819,302  
(0.21%) 150.9 145 4,635 865,381 22.4 21 
  
Unknown  285,700 
49,619,702 
(5.85%) 173.7 126 279,557 
58,688,408  





(20.39%)   1,153,935 
234,447,039  
(27.27%) 





  Lineage 
specific  17,320 
4,748,554 
(0.56%)   15,585 
6,875,733  
(0.80%) 




Total  1,119,202 
177,829,643 
(20.95%)   1,169,520 
241,322,772  
(28.07%) 
   
63,493,129 
  








Figure 2.5 - Gap filling improves both number and length of transposable element sequences. A) Distribution of the size of DNA 









The M_zebra_UMD1 assembly had fewer total lineage specific repeats 
identified (17,320 vs. 15,585), but the total amount of lineage specific repeat bases 
was higher compared to the M_zebra_v0 assembly (4.7Mbp vs. 6.9Mbp). Again, this 
shows that longer lineage specific repeats have been assembled in the 
M_zebra_UMD1 assembly. In terms of total repetitive sequence, the new 
M_zebra_UMD1 assembly contained 63.5Mbp of additional sequence that was 
classified as repetitive. This is consistent with the idea that most of the gaps in the 
original M_zebra_v0 assembly spanned sequences consisting of transposable 
elements and other repetitive sequences.  
 
2.5 Conclusions 
This study reports an improved assembly of the Lake Malawi African cichlid, M. 
zebra. We identified hundreds of misassemblies in the previous draft assembly (46).  
We then used a newly generated set of 16.5x long PacBio reads to fill in 68% of the 
previous assembly gaps and join together a portion of the previous scaffolds. This 
process added 90.6 Mbp of new sequence to the assembly. Some of the newly added 
sequence contained gene sequence, allowing the identification of thousands of new 
exons. However, the majority of the newly added sequence was annotated as 
repetitive (73%). The new data allowed us to assemble many more and longer copies 






an example of how a reasonable investment in long-read sequencing can improve 
even a relatively well assembled vertebrate draft genome. 
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Chapter 3: A high quality assembly of the Nile Tilapia 
(Oreochromis niloticus) genome reveals the structure of two sex 
determination regions 
 
Previously published in: Conte MA, Gammerdinger WJ, Bartie KL, Penman DJ, 
Kocher TD. A high quality assembly of the Nile Tilapia (Oreochromis niloticus) 




Tilapias are the second most farmed fishes in the world and a sustainable source of 
food. Like many other fish, tilapias are sexually dimorphic and sex is a commercially 
important trait in these fish. In this study, we developed a significantly improved 
assembly of the tilapia genome using the latest genome sequencing methods and 
show how it improves the characterization of two sex determination regions in two 
tilapia species. 
3.1.2 Results 
A homozygous clonal XX female Nile tilapia (Oreochromis niloticus) was sequenced 
to 44X coverage using Pacific Biosciences (PacBio) SMRT sequencing. Dozens of 
candidate de novo assemblies were generated and an optimal assembly (contig NG50 
of 3.3Mbp) was selected using principal component analysis of likelihood scores 
calculated from several paired-end sequencing libraries. Comparison of the new 






duplicated portions of the genome are now well represented. The overall number 
genes in the new assembly increased by 27.3%, including a 67% increase in 
pseudogenes. The new tilapia genome assembly correctly represents two recent vasa 
gene duplication events that have been verified with BAC sequencing.  At total of 
146Mbp of additional transposable element sequence are now assembled, a large 
proportion of which are recent insertions. Large centromeric satellite repeats are 
assembled and annotated in cichlid fish for the first time. Finally, the new assembly 
identifies the long-range structure of both an ~9Mbp XY sex determination region on 
LG1 in O. niloticus, and a ~50Mbp WZ sex determination region on LG3 in the 
related species O. aureus. 
3.1.3 Conclusions 
This study highlights the use of long read sequencing to correctly assemble recent 
duplications and to characterize repeat-filled regions of the genome. The study serves 
as an example of the need for high quality genome assemblies and provides a 
framework for identifying sex determining genes in tilapia and related fish species. 
 
3.2 Background 
Aquaculture plays an increasingly important role in providing sustainable seafood 
products and has significantly outpaced capture fisheries in the past several decades 
(69). Tilapias are among the most important farmed fishes, and tilapia production 
continues to expand exponentially across the globe (70). An important aspect of 






size earlier than females. Females also start to reproduce at a smaller size, filling 
production ponds with small fish (71). It is therefore advantageous to grow-out only 
male fish. At one time, all-male populations were produced through interspecific 
crosses (72), but the strains supporting this technology have been lost or 
contaminated. Currently, the standard way of achieving all male or nearly all male 
tilapia populations is via hormonal masculinization (71,73). A reliable way of 
producing genetically all-male tilapia would allow the replacement of hormonal 
masculinization, which is banned in several major producing countries (although not 
enforced in most cases). It is therefore important to understand the genetic basis of 
sex determination in current aquaculture stocks. 
 Sex determination in tilapias is largely genetic, although environmental factors 
also play a role (74–76). In Nile tilapia (Oreochromis niloticus), distinct XY sex 
determining loci have been identified on both linkage group (LG) 1 and LG23 
(77,78). The closely related blue tilapia (O. aureus) segregates both an XY locus on 
LG1, and an epistatically dominant ZW locus on LG3 (79). Additional sex 
determining loci have been identified on LGs 5, 7, 13, 18 and 20 in closely related 
species of East African cichlid (26,80,81). As a group, tilapias and related species of 
other cichlid fishes are a promising model system for understanding the gene network 
controlling sex determination in vertebrates. 
 Work to identify the genes underlying each of these sex determiners has been 
hampered by the incomplete nature of previous draft genome assemblies, and by the 
discovery that many of these sex determiners are located in large blocks of highly 






basis for sex determination in cichlids has been determined for only the LG23 XY 
locus in O. niloticus (82).  
 Although several draft genome sequences are available for cichlids, these are 
mostly based on short Illumina sequencing reads (83). The previous O. niloticus 
assembly was produced using ~277X coverage of Illumina reads from several 
libraries including a 40kb scaffolding library. Recently duplicated and highly 
repetitive sequences are typically collapsed in these assemblies (84). Indeed some of 
the most interesting and perhaps evolutionarily important regions of the genome may 
be the most difficult to assemble accurately. Recently duplicated regions are 
notoriously difficult to assemble due to their repeat length and high sequence identity 
(7). The repetitive “dark-matter” part of the genome is vastly underrepresented in the 
majority of current genome assemblies (85). Attempts to assemble these regions using 
only short read sequencing are futile (14). Only long sequencing reads will produce 
more contiguous and complete assemblies of complex vertebrate genomes (18,86–
89). The importance of such high quality assemblies for downstream applications 
cannot be overemphasized.  
 Here we report a new assembly of the tilapia genome from long PacBio sequence 
reads. This assembly contains much of the missing sequence from previous 
assemblies, and is among the most contiguous vertebrate genome assemblies to date. 
We use this new assembly to further characterize the tilapia sex determining loci 








3.3.1 Assembly Overview 
A homozygous clonal XX female tilapia individual (90) was chosen for genome 
sequencing. The individual was sequenced to 44X coverage using PacBio sequencing 
of 63 SMRT cells using the P6-C4 chemistry. This yielded 5,085,371 reads with a 
mean subread length of 8,747bp and N50 read length of 11,366bp. 
 An overview of the assembly process is outlined in Figure 3.1. To summarize, 37 
candidate de novo assemblies were generated using both the FALCON (86) and Canu 
(91) genome assembly packages. Multiple parameters were adjusted for both 
algorithms to tune the assemblies. The error correction steps of both algorithms 
include parameters that control alignment seed length, read length, overlap length and 







Figure 3.1. Assembly overview. Flowchart detailing the processing of the raw 44X 
PacBio sequencing reads, producing candidate assemblies, polishing, breaking, and 







3.3.2 Evaluating Assemblies 
The 37 candidate assemblies were evaluated using a number of different metrics, 
techniques and complementary datasets. First, each of the candidate assemblies was 
evaluated using ALE assembly likelihood estimates (61) (which integrated read 
quality, mate-pair orientation, insert size, coverage and k-mer frequencies) based on 
alignment of the reads from four separate Illumina libraries and of the 44X PacBio 
dataset (see Methods). Candidate assemblies were also evaluated for completeness 
using CEGMA (60) and BUSCO (92) core gene sets, as well as by aligning existing 
O. niloticus RefSeq (93) transcripts. A set of 193,027 BAC-end sequences (94) 
representing ~29X physical clone coverage were used to assess the longer range 
accuracy of candidate assemblies. Finally, both a physical radiation-hybrid (RH) map 
consisting of 1,256 markers (95) and a RAD-seq genetic map consisting of 3,802 
markers (96) were used to estimate the number of misassemblies present in each of 
the candidate assemblies. The results of these analyses are provided in Additional File 
1. 
3.3.3 Ranking Assemblies 
No single candidate assembly ranked the highest for all of the evaluation metrics that 
were computed. Principal component analysis (PCA) was used to reduce the various 
assembly evaluation metrics and compare the candidate assemblies. Additional File 2 
shows that the Canu assemblies tend to cluster separately from the FALCON 
assemblies in the PCA space. The total assembly size and number of RefSeq exons 






metrics did not seem like the most important metrics to base the evaluation upon 
since assembly parameters could be tuned to change the total size and the estimated 
genome size was 1.082Gbp (97). 
 The ALE likelihood scores explain the next largest proportion of the variance. 
The 37 candidate assemblies were ranked by overall ALE scores for each of the five 
sequencing libraries. An average of the ALE ranks was then calculated. The Canu 
assembly (#14) that was chosen as the best among the 37 candidate assemblies 
showed the best average ALE ranks. In addition, Canu assembly #14 had one of the 
best rates of properly mapped BAC-end sequences, and possessed among the fewest 
misassemblies as determined by conflicts with the RH and RAD map data (Additional 
File 1). These results suggest that Canu assembly #14 has the best long-range 
accuracy while maintaining comparable short-range accuracy.   
3.3.4 Polishing 
A relatively small number of sequence errors remained in the intermediate unpolished 
Canu #14 assembly. To correct these errors, first the raw 44X PacBio reads were 
aligned to the Canu assembly and Quiver was used to polish the assembly at 
1,870,943 sites (see Methods). Quiver corrected 1,739,112 (92.95%) insertions, 
88,037 (4.71%) substitutions and 43,794 (2.34%) deletions. Next, four Illumina 
libraries, totaling 277x coverage, were aligned to the intermediate Quiver-polished 
assembly. Based upon these alignments, Pilon polished an additional 1,101,609 sites. 
Pilon corrected 1,087,107 (98.68%) insertions, 12,402 (1.13%) substitutions, and 







3.3.5 Detection of Misassemblies 
The polished intermediate assembly showed high accuracy at the level of individual 
bases and with respect to the placement of paired-end sequences from ~150kbp BACs 
(Additional File 1). However, 32 putative inter-chromosomal misassemblies were 
identified by alignment to the RH and RAD maps. The RH and RAD maps both 
identified 21 of these inter-chromosomal misassemblies. The RAD map identified an 
additional 8 putative misassemblies that were not identified using the RH map (the 
RH map had no markers aligning to these regions), while the RH map identified an 
additional 3 misassemblies that were not identified using the RAD map (likewise, the 
RAD map had no markers aligning to these regions). The regions around each 
putative misassembly were inspected using the genomic resources already mentioned. 
Each had a characteristic signature consisting of a high density of variants in the 44X 
PacBio read alignments, as well as low or zero physical coverage of the 40kbp insert 
Illumina mate-pair library. An example of these misassembly signatures is shown in 
Additional File 3.  
 Genome wide analysis of the intermediate assembly for each of these characteristic 
signatures detected 110 regions of high-density PacBio variants and 376 regions of 
low physical coverage in the 40kbp mate-pair library. 41 regions had both a high-
density of PacBio variants and low physical 40kbp mate-pair coverage. Nine of these 
regions showed correct alignment to both maps and therefore were not included in the 
set of putative misassemblies. However, two of these regions were identified by the 






markers in either the RH or RAD map and added to the 32 map-based misassemblies 
giving a total of 34 sites of likely misassembly. Table 3.1 provides a summary of the 
putative misassemblies that were identified by the maps and sequence alignment 
methods. 
 
Evidence Number of misassemblies detected 
Both maps 21 
RAD map only 8 
RH map only 3 
Both PacBio variants and 40kbp library 16 
PacBio variants only 2 
40kbp library only 16 
PacBio variants and 40kbp library, but no maps 2 
Table 3.1. Number of putative misassemblies identified by various methods. 
 
 Analysis of the repetitive elements within these regions revealed that misassembly 
locations were enriched for highly repetitive interspersed and nested repeats. We 
examined the region ~75kbp on both sides of the likely misassembly breakpoints and 
found that 94.51% of these regions were classified as repetitive (see Methods). These 
regions were enriched for several TE families. Table 3.2 shows the enrichment of the 
most common repeats and TEs within the misassembly regions. In each of these 
cases, the mean length of these repeats was longer within the misassembly regions. 
Some of the same TE families that are abundant across the whole genome (e.g. DNA-
TcMar-Tc1, LINE-L2, LINE-Rex-Babar) are also present in high frequency in the 
misassembly regions. However, some TE families that occurred in relatively low 
frequency across the whole genome (e.g. DNA-Sola, LTR-ERV1, RC-Helitron, and 













Within 34 misassembly regions 
 
Enrichment 
Order Family # Total bp %  
Mean 















DNA Sola 7,007 1,536,337 0.15% 219.3 142 53,045 1.37% 373.6 913.3% 154.3 
 TcMar-Tc1 156,588 46,394,192 4.60% 296.3 846 354,606 9.18% 419.2 199.6% 122.9 
 hAT 36,441 10,103,158 1.00% 277.2 289 99,016 2.56% 342.6 256.0% 65.4 
 hAT-Ac 49,528 17,626,929 1.75% 355.9 445 191,054 4.95% 429.3 282.9% 73.4 
 hAT-Charlie 37,049 13,709,558 1.36% 370.0 236 99,913 2.59% 423.4 190.4% 53.3 
LINE L1 10,712 8,879,041 0.88% 828.9 63 79,410 2.06% 1,261 234.1% 431.6 
 L2 76,937 29,334,193 2.91% 381.3 539 269,645 6.98% 500.3 239.9% 119.0 
 Penelope 28,509 7,214,522 0.71% 253.1 258 70,627 1.83% 273.7 257.7% 20.7 
 Rex-Babar 38,996 19,208,630 1.90% 492.6 386 199,730 5.17% 517.4 272.1% 24.9 
LTR ERV1 10,756 6,450,995 0.64% 599.8 112 97,055 2.51% 866.6 392.2% 266.8 
 Gypsy 29,201 13,615,743 1.35% 466.3 274 172,231 4.46% 628.6 330.4% 162.3 
RC Helitron 3,882 2,685,111 0.27% 691.7 216 187,805 4.86% 869.5 1800.0% 177.8 
Unk. Unknown 350,007 97,456,302 9.66% 278.4 2,188 841,264 21.78% 384.5 225.5% 106.0 
Satellite Satellite 10,061 7,662,597 0.76% 761.6 93 115,309 2.99% 1,240 393.4% 478.3 
 Simple 322,732 15,543,664 1.54% 48.2 1,733 173,824 4.50% 100.3 292.2% 52.1 








Table 3.3 provides the anchored size of each LG, including gaps. The new 
O_niloticus_UMD1 assembly anchored 868.6Mbp of the total genome (86.9%), 
which is 211Mbp (32%) more than was anchored in the previous “Orenil1.1” 
assembly (657Mbp) (83). When gaps are not counted, the amount of anchored, non-
gap, sequence is 864Mbp (86.4%) compared to 606Mbp (60.6%) in the previous 
Orenil1.1 assembly. LG3 is the largest anchored LG (68.6Mbp), which agrees with 
cytogenetic studies that show LG3 as the largest and most repetitive chromosome in 
the O. niloticus genome (24,95,98). Cytogenetic studies also indicate that LG7 is the 
second largest chromosome in the O. niloticus genome, and LG7 is the second largest 


















Linkage Group Orenil1.1 O_niloticus_UMD1 Difference (%) 
LG1 31,194,787 38,372,991 7,178,204 (23.0%) 
LG2 25,048,291 35,256,741 10,208,450 (40.8%) 
LG3 19,325,363 68,550,753 49,225,390 (254.7%) 
LG4 28,679,955 38,038,224 9,358,269 (32.6%) 
LG5 37,389,089 34,628,617 -2,760,472 (-7.4%) 
LG6 36,725,243 44,571,662 7,846,419 (21.4%) 
LG7 51,042,256 62,059,223 11,016,967 (21.6%) 
LG8 29,447,820 30,802,437 1,354,617 (4.6%) 
LG9 20,956,653 27,519,051 6,562,398 (31.3%) 
LG10 17,092,887 32,426,571 15,333,684 (89.7%) 
LG11 33,447,472 36,466,354 3,018,882 (9.0%) 
LG12 34,679,706 41,232,431 6,552,725 (18.9%) 
LG13 32,787,261 32,337,344 -449,917 (-1.4%) 
LG14 34,191,023 39,264,731 5,073,708 (14.8%) 
LG15 26,684,556 36,154,882 9,470,326 (35.5%) 
LG16 34,890,008 43,860,769 8,970,761 (25.7%) 
LG17 31,749,960 40,919,683 9,169,723 (28.9%) 
LG18 26,198,306 37,007,722 10,809,416 (41.3%) 
LG19 27,159,252 31,245,232 4,085,980 (15.0%) 
LG20 31,470,686 36,767,035 5,296,349 (16.8%) 
LG22 26,410,405 37,011,614 10,601,209 (40.1%) 
LG23 20,779,993 44,097,196 23,317,203 (112.2%) 
Total 657,350,972 868,591,263 211,240,291 (32.1%) 
Total (minus 
gaps%) 
606,480,097 864,361,263 257,881,166 (42.5%) 
Table 3.3 – Size of each anchored linkage group for both the previous assembly, 
Orenil1.1 (83) and the new assembly (O_niloticus_UMD1). 
 
3.3.7 Assembly Completeness 
To determine the completeness of the new O_niloticus_UMD1 assembly, the 
assembly was compared against two established sets of core vertebrate gene sets. 
Table 3.4 shows the number of the 248 CEGMA and the 3,023 BUSCO conserved 
vertebrate genes that were identified in the new assembly. The number of conserved 






of complete single-copy BUSCOs increased by 223 (10%), while the number of 
complete duplicated BUSCOs increased by 26 (59%). The number of missing 
BUSCOs decreased by 288 (67%) in the O_niloticus_UMD1 assembly compared to 







 Orenil1.1 (LGs) O_niloticus_UMD1 
(LGs) 
Complete CEGs 244 (98.39%) 245 (98.79%) 
Complete + partial CEGs 247 (99.61%) 248 (100%) 
Total complete CEGs including putative orthologs 333 342 
Complete BUSCOs 2185 (72.28%) 2408 (79.66%) 
Complete and single-copy BUSCOs 2141 (70.82%) 2338 (77.34%) 
Complete and duplicated BUSCOs 44 70 
Fragmented BUSCOs 411 (13.60%) 476 (15.75%) 
Missing BUSCOs 427 (14.13%) 139 (4.60%) 








The O_niloticus_UMD1 assembly was annotated using the NCBI RefSeq automated 
eukaryotic genome annotation pipeline. This same pipeline was previously used to 
annotate the Orenil1.1 assembly. Several additional, new transcriptome datasets 
(particularly gill tissues, see Methods) were available to annotate the 
O_niloticus_UMD1 assembly that were not available during the Orenil1.1 annotation 
process. A comparison of both genome assembly annotations is provided in Table 
3.5. The O_niloticus_UMD1 assembly contains 8,238 more gene and pseudogene 
annotations than the Orenil1.1 assembly (27.3% increase). Similarly, the number of 
mRNA annotations increased markedly by 10,374 (21.7% increase). The number of 
partial mRNA annotations decreased from 3,050 to 393 (87.1% decrease). CDS 
annotations also increased overall (21.9%). The RefSeq annotation pipeline makes 
corrections to CDS annotations that contain premature stop-codons, frameshifts and 
internal gaps that would disrupt protein sequence coding. These corrections are based 
on transcriptome data and corrected 743 CDSs in O_niloticus_UMD1 compared to 
817 previously for Orenil1.1 (9.1% decrease). The number of non-coding RNAs more 












Feature Orenil1.1 O_niloticus_UMD1 Difference (%) 
Genes and 
pseudogenes 
30,174 38,412 8,238 (27.3%) 
protein-coding 26,329 29,249 2,920 (11.1%) 
non-coding 3,508 8,599 5,091 (145.1%) 
pseudogenes 337 564 227 (67.4%) 
mRNAs 47,700 58,074 10,374 (21.7%) 
fully-supported 45,245 55,760 10,515 (23.2%) 
partial 3,050 393 -2,657 (-87.1%) 
with filled gap(s) 2,480 67 -2,413 (-97.3%) 
known RefSeq (NM_) 145 178 33 (22.8%) 
model RefSeq (XM_) 47,555 57,896 10,341 (21.7%) 
Other RNAs 5,694 12,899 7,205 (126.5%) 
fully-supported 5,071 10,881 5,810 (114.6%) 
model RefSeq (XR_) 5,071 10,929 5,858 (115.5%) 
CDSs 47,892 58,398 10,506 (21.9%) 
fully-supported 45,245 55,760 10,515 (23.2%) 
partial 2,467 401 -2,066 (-83.7%) 
with major correction(s) 817 743 -74 (-9.1%) 
known RefSeq (NP_) 145 178 33 (22.8%) 
model RefSeq (XP_) 47,555 57,896 10,341 (21.7%) 
Table 3.5 – RefSeq annotation summary. 
 
3.3.9 O_niloticus_UMD1 Assembly Summary 
Table 3.6 provides summary statistics for the previous O. niloticus assembly 
(Orenil1.1), each intermediate of the new assembly, and our new final assembly 
(O_niloticus_UMD1). The O_niloticus_UMD1 assembly is more contiguous, with 
45% fewer contigs than the number of scaffolds in Orenil1.1. The overall size of the 
O_niloticus_UMD1 assembly is 1.01Gbp compared to 927Mbp of Orenil1.1. The 
O_niloticus_UMD1 contains only 424 gaps that were introduced in the anchoring 






10kbp gaps placed between anchored contigs. This compares to 111.5Mbp (12.04%) 
of gaps in Orenil1.1. Overall, 189.5Mbp of new sequence has been assembled in 






















Number of contigs/scaffolds 5,900 5,677 2,960 2,989 2,566 
Total size 927,725,912 927,679,487 1,003,343,259 1,005,609,889 1,009,839,889 
Longest contig/scaffold/LG 13,623,339 51,042,256 20,432,727 13,936,383 62,059,223 
Mean contig/scaffold/LG size 157,242 29,879,589.6 338,967 336,437 37,672,228.8 
NG50 contig/scaffold/LG 2,629,658 26,684,556 3,325,464 3,110,904 37,007,722 
% N 12.04 12.03 0 0 0.42 
Number of gaps 71,854 72,077 0 0 424 
Non gap bp 816,139,901 816,140,124 1,003,343,259 1,005,609,889 1,005,610,312 
Total gap bp 111,586,011 111,539,363 0 0 4,240,000 







3.3.10 Repeat Content 
The TE and repeat portion of the genome is vastly under underrepresented in most 
genome assemblies (85). The use of long PacBio reads allowed for the assembly of 
more of the repetitive regions of the O. niloticus genome. 379Mbp (37.6%) of the 
total O_niloticus_UMD1 assembly was annotated as repetitive. Table 3.7 provides a 
summary of the repeat and TE families that were most abundant in the assembly. The 
new assembly includes an additional 146Mbp (14.6%) of repetitive sequence that was 
either hidden in gaps or not present at all in the previous assembly. The entire repeat 






























Repetitive element Orenil1.1 O_niloticus_UMD1 Δ from Orenil1.1 
Order Family Total bp % 
Mean 
length 
(bp) Total bp % 
Mean 
length 




DNA TcMar-Tc1 39,070,443 4.21% 252.0 46,394,192 4.60% 296.3 7,323,749 44.3 
 hAT 3,502,443 0.38% 210.2 10,103,158 1.00% 277.2 6,600,715 67.1 
 hAT-Ac 11,264,479 1.21% 259.5 17,626,929 1.75% 355.9 6,362,450 96.4 
 hAT-
Charlie 8,266,601 0.89% 218.1 13,709,558 1.36% 370.0 5,442,957 152.0 
LINE L1 4,469,636 0.48% 389.9 8,879,041 0.88% 828.9 4,409,405 439.0 
 L1-1_AFC 1,277,360 0.14% 671.6 3,197,003 0.32% 1,686.2 1,919,643 1,014.6 
 L2 20,015,588 2.16% 248.8 29,334,193 2.91% 381.3 9,318,605 132.4 
 Rex-Babar 9,422,494 1.02% 276.1 19,208,630 1.90% 492.6 9,786,136 216.5 
LTR ERV1 1,872,564 0.20% 302.2 6,450,995 0.64% 599.8 4,578,431 297.6 
 Gypsy 6,734,826 0.73% 415.0 13,615,743 1.35% 466.3 6,880,917 51.3 
 Pao 1,745,361 0.19% 686.9 4,892,623 0.48% 833.9 3,147,262 147.0 




1,110,151 0.12% 268.4 7,662,597 0.76% 761.6 6,552,446 493.2 
 Simple 11,784,382 1.27% 42.0 15,543,664 1.54% 48.2 3,759,282 6.2 
















Figure 3.2. Repeat Landscape comparison. The percentage of both the Orenil1.1 and O_niloticus_UMD1 and assemblies that 








 Figure 3.2 provides a comparison of the repeat landscape of the Orenil1.1 and 
O_niloticus_UMD1 assemblies. Most notably, recently inserted (~ < 5% Kimura 
divergence) TEs have been assembled in far greater number in the new 
O_niloticus_UMD1 assembly. The overall number of repetitive elements increased at 
all divergence levels (218,992 more elements, Additional File 4), with most at lower 
divergences (165,607 additional elements at < 5% Kimura divergence). The graph 
suggests that TE insertions less than 1% diverged are still underrepresented in the 
assembly. 
 Satellite regions represent one of the most highly repetitive regions of the genome 
and are often associated with centromeric and heterochromatic regions. Two tilapia-
specific satellite repeats have been previously described. ONSATA is a 209bp repeat 
unit and shows variability between related tilapiine species (99). Only 29 copies of 
ONSATA (comprising a total of 2,917bp) were assembled and annotated in the 
original Orenil1.1 assembly. In the new O_niloticus_UMD1 assembly, 226 regions of 
ONSATA comprising a total of 1,386,985bp were assembled and annotated. Many of 
the ONSATA regions, the longest of which was 43,805bp on the unanchored 
contig908, were composed of multiple, nested ONSATA copies. ONSATB is a 
1,904bp repeat unit that is organized in tandem arrays and appears to be more 
conserved and perhaps under selective constraint (100). 48 copies of ONSATB 
(comprising a total of 11,036bp) were assembled and annotated in the original 
Orenil1.1 assembly. In the new O_niloticus_UMD1 assembly, 1,481 copies of 
ONSATB (comprising a total of 2,889,496bp) were assembled and annotated. Again, 






longest of which was 11,210bp located near the beginning of LG12 (607,345-
618,555).  
 TEs specific to African cichlid species have been previously sequenced and used 
as molecular markers to study evolutionary history and phylogenetics of African 
cichlids (101,102). Some of these African cichlid specific or “AFC” LINEs and 
SINEs had been previously assembled and annotated in the Orenil1.1 assembly. An 
additional 2.3Mbp of AFC-specific TE sequence was annotated in the new 
O_niloticus_UMD1 assembly. This 2.3Mbp increase was assembled across 55 fewer 
AFC TE copies, which resulted in longer mean length AFC TE copies. This suggests 
that the previous assembly contained many fragmented AFC specific TE copies. 
3.3.11 Recently Duplicated Regions 
Recently duplicated genes are notoriously difficult to assemble due to their high 
sequence identity (7). Using short Illumina reads to assemble these regions is a 
difficult task even with mate-pair sequence data across multiple spatial scales. In a 
previous study of the tilapia vasa gene, we identified three partial gene sequences in 
the Orenil1.1 assembly (103). We then screened a tilapia BAC library for vasa gene 
sequences and identified three BAC clones containing vasa sequences. The three 
clones came from separate restriction fingerprint contigs (104), and represent 
duplications of the ancestral vasa gene. Sanger sequencing identified a full-length 
vasa gene in each of these BAC clones. Figure 3.3a shows how the previous 
Orenil1.1 assembly failed to correctly assemble any of the three vasa gene copies. 






Figure 3.3c details how the new O_niloticus_UMD1 assembly correctly assembles 








Figure 3.3. Vasa gene duplication. a) The top row shows the vasa transcript (NCBI accession number AB032467.1) aligned to 
Orenil1.1 assembly scaffolds with gaps shown in solid red. b) The middle row shows this same vasa transcript aligned to the separate 
BAC assemblies (NCBI accession numbers AB649031-AB649033). c) The bottom row shows the vasa transcript aligned to 
O_niloticus_UMD1 LGs. For each row there are three alignments corresponding to the three copies of each vasa transcript. 
Orenil1.1 scaffold_160 Orenil1.1 scaffold_11 Orenil1.1 scaffold_19
BAC 72C07BAC 71H03BAC 38M07






3.3.12 Sex Determination Regions 
The new O_niloticus_UMD1 assembly was used to study sequence differentiation 
across two sex-determining regions in tilapias. The first region is an XX/XY sex-
determination region on LG1 found in many strains of tilapia (77,96,105–108). We 
previously characterized this region by whole genome Illumina re-sequencing of 
pooled DNA from males and females (27). We realigned these sequences to the new 
O_niloticus_UMD1 assembly and searched for variants that were fixed in the XX 
female pool and polymorphic in the XY male pool. Figure 3.4 shows the FST and the 
sex-patterned variant allele frequencies for XX/XY O. niloticus comparison across 
the complete Orenil1.1 and O_niloticus_UMD1 assemblies, while Figure 3.5 focuses 
on the highly differentiated ~9Mbp region on LG1 with a substantial number of sex-
patterned variants, indicative of a reduction in recombination in a sex determination 








 Figure 3.4. Whole genome O. niloticus sex comparison. a) FST comparison of XX female pool versus XY male pool on Orenil1.1. b) Sex-









 Figure 3.5. LG1 O. niloticus sex comparison. a) FST comparison of XX female pool versus XY male pool on 
LG1 of Orenil1.1. b) Sex-patterned variants on LG1 of Orenil1.1. c) FST comparison of XX female pool versus 
XY male pool on LG1 of O_niloticus_UMD1. Anchored contig boundaries are depicted with grey bars. d) Sex-







 The second sex comparison is for an ZZ/WZ sex-determination region on LG3 in a 
strain of O. aureus (79,109). This region has not previously been characterized using 
whole genome sequencing. For this comparison we identified variants alleles fixed in 
the ZZ male pool and polymorphic in the WZ female pool. Figure 3.6 shows the FST 
and the sex-patterned variant allele frequencies for this comparison across the whole 
O_niloticus_UMD1 assembly, while Figure 3.7 focuses on the differentiated region 
on LG3. O. aureus LG3 contains a large ~50Mbp region of differentiated sex-
patterned variants, also indicative of a reduction in recombination in the sex 
determination region. Figure 3.6 also shows this differentiation pattern on several 
other LGs (LG7, LG9, LG14, LG16, LG18, LG22 and LG23). It is possible that these 
smaller regions of sex-patterned differentiation are actually translocations in O. 








Figure 3.6. Whole genome O. aureus sex comparison. a) FST comparison of ZW female pool versus ZZ male pool on Orenil1.1. b) Sex-patterned 










Figure 3.7. LG3 O. aureus sex comparison. a) FST comparison of ZW female pool 






Orenil1.1. c) FST comparison of ZW female pool versus ZZ male pool on LG3 of 
O_niloticus_UMD1. Anchored contig boundaries are depicted with grey bars. d) Sex-
patterned variants on LG3 of O_niloticus_UMD1. 
 
 The overall number of sex-patterned variants was markedly increased for both sex 
comparisons using the new assembly. Table 3.8 indicates this and provides the 
number of sex-patterned variants in each comparison across the whole genome as 
well as on the respective sex-determination LG. LG3 saw the largest gain of sex-
patterned variants (1,445 to 24,983 variants) due to the fact that the LG3 assembly 
now includes 49.3Mbp of new sequence (Table 3.3). 
 
 Orenil1.1 O_niloticus_UMD1 
O. niloticus   
     LG1 sex-patterned variants 11,894 12,225 
     Non-LG1 sex-patterned variants 17,579 26,493 
     Total sex-patterned variants 29,473 38,718 
O. aureus   
     LG3 sex-patterned variants 1,445 24,983 
     Non-LG3 sex-patterned variants 79,936 78,423 
     Total sex-patterned variants 81,381 103,406 
 
Table 3.8 – LG1 and LG3 sex-patterned variants using both assemblies. 
 
3.4 Discussion 
3.4.1 Genome Assembly 
We explored the parameter space of both the FALCON and Canu genome assembly 






sequence is not known, we had to deduce which of the candidate assemblies best 
represented the true sequence of the homozygous clone. We elected to assess the 
assemblies with a variety of metrics, and to select the assembly that scored well 
across all of the most important metrics. 
 The first metric is the overall size of the assembly, which should closely match the 
estimated size of the genome. The size of the O. niloticus genome has been measured 
by both Feulgen densitometry and bulk fluorometric assay. Five separate 
measurements range between 0.95-1.20 picograms or ~0.929-1.174Gbp (97). The 
average genome size of these five estimates is 1.082Gbp. The various assemblies 
ranged in size from 975.1Mbp to 1.07Gbp. The assembly that was chosen (#14) has a 
length of 1.01Gbp, which corresponds to 93.3% of the estimated size of the genome.  
 The second set of metrics we considered were the standard measures of assembly 
contiguity such as NG50, number of contigs, longest contig and mean contig size. 
The third set of metrics consisted of assembly likelihood (ALE) scores, which were 
calculated by aligning four Illumina libraries (fragment, 3kbp, 6-7kbp, and 40kbp – 
Table 3.9, Methods) as well as the 44X PacBio library against each candidate 
assembly. The fourth metric measured the accuracy of the assemblies at larger scales 
by aligning the contigs to a ~29X clone coverage library of ~150kbp BAC-end 
sequences (94) and to existing genetic and physical maps of O. niloticus (95,96). 
Alignment of the RH and RAD maps to the candidate assemblies indicated that every 
assembly had a relatively low and consistent number of misassemblies (Additional 






assembly by looking for two core eukaryotic gene sets, CEGMA (60) and BUSCO 
(92).  
 No candidate assembly ranked the best for all of these different metrics. In order to 
choose a preferred assembly, we used principal component analysis to organize the 
several scores for each assembly. The PCA analysis showed a noticeable difference 
between the Canu assemblies and the FALCON assemblies (Additional File 2). All of 
the Canu assemblies clustered together in PCA space. The FALCON assemblies fell 
into two separate clusters because five of the FALCON assemblies (#17, 32, 34, 35, 
and 36, Additional File 1) had low ALE scores and NG50s. The other FALCON 
assemblies tended to show overall better ALE scores for the 44X PacBio library than 
did the Canu assemblies. This is due to differences in the consensus accuracy between 
Canu and FALCON assemblies. The 44X PacBio ALE placement and insert scores 
were virtually the same across all candidate assemblies, but the 44X PacBio ALE k-
mer scores were lower for the Canu assemblies. This suggests a slight difference in 
consensus between Canu and FALCON, although it is probably not noticeable after 
the polishing steps.  
 Leaving aside the five low quality FALCON assemblies, a major tradeoff in the 
PCA is between size of the assembly and the PacBio ALE score. The FALCON 
assemblies are all smaller than the Canu assemblies, and for the reasons discussed 
above, have higher ALE scores for the PacBio library. We elected to focus on the 
Canu assemblies, where the major tradeoff is between the quality of the assembly 
(ALE scores, NG50, completeness) and size of the assembly (Total size, exon bp 






average rank. This assembly was 28.8Mbp shorter than the longest Canu assembly 
(#15).  
 Alignment of the RH and RAD maps to the candidate assemblies indicated that 
every assembly had a relatively similar and low number of misassemblies (Additional 
File 1). To correct these misassemblies in the polished version of assembly #14, the 
locations of misassemblies were first narrowed using the RH and RAD map data 
together. This typically narrowed the location of a misassembly to a region of less 
than 1Mbp. From there, the region around each misassembly breakpoint was 
inspected using alignments of the PacBio data, Illumina data, RefSeq gene set, BAC-
end sequences as well as the RepeatMasker annotations. A characteristic signal of 
high variation in the PacBio alignments, low physical coverage in the Illumina 
libraries (best characterized with the largest 40kbp Illumina library), and a high 
density of large and nested repeats was seen in each region of misassembly. Regions 
of high variation in the PacBio alignments and low 40kbp physical coverage were 
then calculated genome-wide to investigate whether additional misassemblies might 
be hidden in the assembly. When considering the PacBio highly variant regions and 
the low physical 40kbp coverage regions individually, both sets over-estimated the 
number of misassembly regions. These false-positive potential misassemblies 
occurred in regions where there was support for correct and continuous assembly 
based on both RH and RAD map alignments, which together lend stronger support. 
Only in two cases were there regions that had high PacBio variation, low physical 
40kbp coverage and no alignment of RH or RAD map data. We decided to break the 







A total of 868.6Mbp of the assembled contigs were anchored to the 22 LGs in 
O_niloticus_UMD1. Overall, 258Mbp of additional (non-gap) sequence has been 
anchored in the O_niloticus_UMD1 assembly (Table 3.3). All but two of the 
O_niloticus_UMD1 LGs (LG5 and LG13) are larger in size than in the previous 
Orenil1.1 assembly. LG5 is 2.7Mbp smaller and LG13 is 0.4Mbp smaller. It is 
possible that the Orenil1.1 assembly correctly assembled more of these LG5 and 
LG13. Alternatively, the size difference could be due to overestimates of gap sizes in 
the Orenil1.1 assembly and/or incorrect assignment of contigs/scaffolds to the wrong 
LG, which have now been correctly assigned.  
 It should be noted that although two markers were required to anchor and orient 
any contig to a particular LG, not all of the markers in the RAD map were located at 
distinct map positions (i.e. the map has multiple markers at the same genetic 
position). Therefore, in some cases (particularly involving many of the smaller and 
repetitive contigs that were anchored to LG3b), the orientation of contigs on LGs is 
ambiguous. We chose to allow anchoring of these contigs to maximize the anchoring 
of the many small repetitive contigs that make up LG3. 
 
3.4.3 Annotation 
Table 3.5 provides the RefSeq annotation summary of both the Orenil1.1 and new 
O_niloticus_UMD1 assemblies. The increase in gene and pseudogene annotations is 
at least partly due to the fact that the O_niloticus_UMD1 assembly contains an 






that additional transcriptome reads were available for RefSeq annotation of 
O_niloticus_UMD1. These additional annotations include protein-coding genes 
(2,920, 11.1% increase), non-coding RNAs (5,091, 145.1% increase) and 
pseudogenes (227, 67.4% increase). At the same time, there was a decrease in the 
number of partial mRNA (2,657, 87.1% decrease) and partial CDS (2,066, 83.7% 
decrease) annotations. This is most likely due to the fact that O_niloticus_UMD1 
gene annotations are not disrupted by assembly gaps. The remaining partial 
annotations may represent recent pseudogenes that the annotation pipeline has little 
way of differentiating.  
 The NCBI RefSeq annotation pipeline corrects CDS annotations that have 
premature stop-codons, frameshifts and internal gaps that would disrupt protein- 
coding sequence. The RefSeq annotation pipeline corrected 743 CDSs in 
O_niloticus_UMD1 compared to 817 previously for Orenil1.1. These remaining 743 
CDS annotations that required corrections may be due to incomplete polishing in the 
final O_niloticus_UMD1 assembly, but this number is less than the amount of 
corrected CDSs annotated in the smaller Orenil1.1 assembly. 
 
3.4.4 Repeats 
The vast majority of TE families are represented by more sequence in the new 
assembly (Table 3.7 and Additional File 4). It is likely that the fragmented Orenil1.1 
assembly caused there to be an inflated count of annotated TE copies in places where 
gaps were inserted within TE copies. The O_niloticus_UMD1 assembly has 






having longer repeat copies and overall 146Mbp more repeat sequence allowed for 
more accurate annotation of all repeat sequences. In turn, several TE families (such as 
SINE tRNA-V and LINE Dong-R4, Additional File 4) have decreased in overall 
number in the O_niloticus_UMD1 assembly, which is likely due to these TEs being 
more accurately annotated as different, but related TEs. The most recent and less 
diverged TE copies have been assembled in far greater number in the new 
O_niloticus_UMD1 assembly (Figure 3.2).  
 The two tilapia-specific satellite repeats, ONSATA (99) and ONSATB (100), have 
been shown to be present in high copy number. Both of these satellite repeats have 
previously been physically mapped using fluorescent in situ hybridization (FISH) in 
O. niloticus (110). ONSATA was found almost solely in the centromeres, while 
ONSATB was also scattered throughout the length of each chromosome arm. 
Consistent with this, we found nested ONSATA repeat segments assembled near the 
very ends of several anchored chromosomes (LG3b, LG4, LG8, LG14, and LG17). 
ONSATB nested repeat segments were found near one or both ends of several 
anchored chromosomes (LG2, LG3a, LG3b, LG4, LG6, LG11, LG12, LG14, LG16, 
LG17, LG18, LG19, LG20, and LG23). These data suggest that our assembly of these 
chromosomes extend into the centromeres. These satellite nested repeats were also 
abundant in several of the misassembled regions (Table 3.2) suggesting that they 







3.4.5 Recently Duplicated Regions 
As the recent vasa gene duplication in O. niloticus (Figure 3.3) shows, the use of long 
reads has enabled the assembly of such recently duplicated regions. It is likely that 
there are many other recently duplicated regions that have now been assembled. This 
is supported by the genome completeness analysis with BUSCO that showed there 
were 26 additional duplicated BUSCOs out of 3023 searched (Table 3.4). Even 
though this is a small percentage of the genes analyzed (0.86%), when extrapolated 
over all the genes in the genome this would amount to hundreds of recently 
duplicated genes being assembled for the first time. The RefSeq annotation shows 
that the O_niloticus_UMD1 assembly contained 227 additional pseudogenes (67.4% 
increase from the Orenil1.1 assembly), which also supports this notion. 
 
3.4.6 Sex Determination Regions 
Manipulation of sex-determination in tilapia has important economic implications. 
The O_niloticus_UMD1 assembly was used to confirm the known and previously 
described O. niloticus ~9Mbp sex-determination region on LG1 (27). The size and 
pattern of sex differentiation on LG1 and across the genome is similar in both the 
Orenil1.1 and O_niloticus_UMD1 assemblies (Figure 3.4 and Figure 3.5). A total of 
331 additional LG1 sex-patterned variants are identified in the O_niloticus_UMD1 
assembly.  
 The sex-determination region in O. aureus is located on the large and highly 
repetitive LG3. Due to the fact that LG3 is highly repetitive, it was poorly assembled 






unanchored contigs and scaffolds (Figure 3.6a and 3.6b). An additional 23,538 LG3-
specific O. aureus sex-patterned variants are identified in the O_niloticus_UMD1 
assembly. Now that LG3 has been assembled and anchored into a much larger LG 
(68.5Mbp versus 19.3Mbp, Table 3.3), many of these sex-patterned variants are 
confirmed on LG3 (Figure 3.6c and 3.6d). There still exist a substantial number of 
sex-patterned variants on unanchored contigs in the new assembly. The overall 
pattern of O. aureus sex differentiation on LG3 is characterized by several sharp 
transitions between low and high differentiation (e.g. ~5Mbp and ~37Mbp, Figure 
3.7c and 3.7d). These sharp transitions may be explained by either errors in the 
anchoring process or structural differences between the reference species (O. 
niloticus) and O. aureus. Indeed, there are several peaks of differentiation on other 
LGs (LG7, LG9, LG14, LG16, LG18, LG22 and LG23, Figure 3.6). These may also 
be chromosomal translocation differences between the two species that will need to 
be investigated further with FISH. 
 
3.5 Conclusions 
This study provides a new assembly and annotation of the Nile tilapia O. niloticus 
(O_niloticus_UMD1), which provides a high-quality reference for the cichlid 
research community as well as one for studying the evolution of vertebrate genomes. 
The study also serves as a template for vertebrate genome assembly with current 
technology and describes many of genomic features that can now be represented 






assemblies systematically comparing them to select a single best assembly. A small 
number of misassemblies present in this candidate assembly were identified using 
several different datasets and subsequently corrected.  The final anchored 
O_niloticus_UMD1 assembly remained very contiguous with a contig NG50 of 
3.1Mbp and 86% of contigs anchored to LGs. The number of annotated genes 
increased 27.3% from the previous assembly of O. niloticus. Additionally, a vast 
amount of repetitive sequences (~146Mbp) were added in the O_niloticus_UMD1 
assembly, many of which represent very recent TEs. Finally, the O_niloticus_UMD1 
assembly was used to better characterize two large sex-determination regions. The 
first is a ~9MBp region in O. niloticus and the second is a ~50Mbp region in the 
related species O. aureus.  Further characterization of these sex-determination regions 
will have important economic implications for farmed tilapia.  
 
3.6 Methods 
3.6.1 PacBio Sequencing 
PacBio sequencing was performed on a new individual from the same XX 
homozygous clonal line used for the previous whole genome sequencing of O. 
niloticus (83). This mitogynogenetic line was developed and maintained at the 
University of Stirling, UK (90). All working procedures complied with the UK 
Animals (Scientific Procedures) Act (111). 
 The Qiagen MagAttract HMW DNA kit was used to extract high-molecular weight 






selection was performed at the Genomics Resource Center, Institute for Genome 
Sciences using a Blue Pippin pulse-field gel electrophoresis instrument. A library was 
constructed and 63 SMRT cells were sequenced on their PacBio RS II instrument 
using the P6-C4 chemistry.  
 
3.6.2 Assembly 
Both Canu (91) (version 1.0) and FALCON (86) (versions 0.3.0 and 0.5.0) were run 
to generate candidate de novo genome assemblies. The wide range of parameters 
tested for both algorithms are provided in Additional File 5. The final assembly (#14), 
chosen based on the evaluation and likelihood calculations (see below), was run using 
Canu with the following relevant parameters: ‘minReadLength=7000 
minOverlapLength=2000 MhapSensitivity=high genomeSize=1g errorRate=0.025 -
pacbio-raw’.  
 
3.6.3 Assembly Accuracy Measurements 
Assembly summary metrics were calculated using the assemblathon_stats.pl script 
(63). Illumina libraries generated previously (83) were aligned to each candidate de 
novo assembly using Bowtie2 (version 2.2.5 in ‘--very-sensitive’ mode). The four 











NCBI SRA accession IDs Combined 
coverage 
Platform(s) 




51.6x Illumina Genome 
Analyzer II 
 




196.3x Illumina HiSeq 
2000 




24.6x Illumina Genome 
Analyzer II 
 
40kbp SRR071595, SRR071598, 
SRR071611 
4.8x Illumina Genome 
Analyzer II 
 
Table 3.9 – O. niloticus Illumina libraries used for ALE calculations and Pilon 
polishing. 
 For each SRA run, raw reads were downloaded from NCBI using the ‘fastq-dump’ 
program from the SRA Toolkit (112) (version 2.5.2). Raw fastq files were combined 
for each insert size group and Trimmomatic (113) (version 0.32) was run on the 
combined fastq files. The 101bp fragment library and 3kbp library reads were each 
trimmed with the following Trimmomatic settings:  
‘ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 SLIDINGWINDOW:4:20 LEADING:10 
TRAILING:10 CROP:101 HEADCROP:0 MINLEN:80’ 
The 36bp 6-7kbp library reads were trimmed with the following settings: 
 ‘ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 SLIDINGWINDOW:4:20 LEADING:10 
TRAILING:10 CROP:36 HEADCROP:0 MINLEN:31’ 






‘ILLUMINACLIP:TruSeq2-PE.fa:1:30:10 SLIDINGWINDOW:10:20 LEADING:5 
TRAILING:10 CROP:76 HEADCROP:4 MINLEN:70’ 
 For the fragment library, the trimmed and filtered reads were next overlapped with 
FLASH (53) (version 1.2.11) using the following parameters: ‘-m 20 -x 0.15 -z’. The 
samtools (114) (version 1.1) ‘view’ and ‘sort’ commands were used to convert the 
Bowtie2 SAM outputs to BAM format. The Picard (115) (version 2.1.0) 
‘MarkDuplicates’ program was run on each of these Bowtie2 alignments with 
‘REMOVE_DUPLICATES=true’. 
 The Assembly Likelihood Estimator (ALE) (61) was then run on each of these 
filtered BAM files to generate likelihood statistics for each candidate Canu and 
FALCON de novo assembly for each Illumina library. Additionally, to generate ALE 
scores for the raw PacBio data aligned to each assembly, the 44X raw PacBio reads 
were aligned using BLASR (54) (version 1.3.1.127046) with the following 
parameters: ‘-minMatch 8 -minPctIdentity 70 -bestn 1 -nCandidates 10 -maxScore -
500 -nproc 40 -noSplitSubreads –sam’. ALE was then run on these BLASR 
alignments as well. 
 A set of O. niloticus paired BAC-end sequences (94) were aligned against each 
candidate assembly using BLAST (116–118) (version 2.3.0+). The top hit with an E-
value less than 1e-150 were kept and then assigned a category of alignment relative to 
the candidate assemblies according to the details described previously (94) and 
briefly explained for Additional File 1.  
 To evaluate the completeness of the candidate assemblies, BUSCO (92) (version 






library. CEGMA (60) (version 2.5) was also run on each of the candidate assemblies. 
CEGMA was run optimized for vertebrate genomes (option ‘--vrt') and relied on 
GeneWise (version 2.4.1), HMMER (version 3.1b1), and NCBI BLAST+ (version 
2.3.0+) using the provided set of 248 CEGs.  
 
3.6.4 Principal Component Analysis 
The following metrics were calculated and culled for each of the 37 candidate 
assemblies: Total ALE score for the aligned Illumina fragment, 3kbp, 6-7kbp, and 
40kbp libraries; Total ALE score for the aligned PacBio library; Total number of 
complete CEGs as defined by CEGMA; Longest contig; NG50; Total assembly size 
(bp); Total number of RefSeq exon bp mapped. O. niloticus RefSeq transcripts (93) 
(release 70) were aligned to each of the candidate assemblies using GMAP (55) 
(version 2015-07-23) and exon bp mapped were calculated from the output GFF3 file. 
R version 3.2.3 was used to perform the PCA analysis using the ‘prcomp’ function 
with ‘center=TRUE, scale=TRUE’ and to create plots with the ‘biplot’ function. 
 
3.6.5 Polishing the Assembly 
SMRT-Analysis (68) (version 2.3.0.140936) was used for polishing the Canu #14 
assembly using the 44X raw PacBio reads. First, each SMRT cell was separately 
aligned to the unpolished Canu assembly using pbalign (version 0.2.0.138342) with 
the ‘--forQuiver' flag. Next, cmph5tools.py (version 0.8.0) was used to merge and sort 






Quiver (GenomicConsensus version 0.9.2 and ConsensusCore version 0.8.8) was run 
on the merged and sorted pbalign output to produce an initial polished assembly. 
 Pilon (119) (version 1.18) was run on the intermediate Quiver-polished assembly 
produced above. Again, Bowtie2 (version 2.2.5 in ‘--very-sensitive’ mode) was used 
to align Illumina reads to this intermediate assembly for Pilon polishing. The 
fragment library alignment was supplied to Pilon with ‘--unpaired’ while the other 3 
insert library alignments were specified with ‘--jumps’. Additionally, Pilon was run 
with the following parameters: ‘--changes --vcf --chunksize 40000000 --fix all’.  
 
3.6.6 Detecting Misassemblies 
The 44X coverage raw PacBio reads were aligned to the Quiver- and Pilon-polished 
Canu #14 assembly using BLASR (54) (version 1.3.1.127046) with the same 
parameters as mentioned above. Variants were called using FreeBayes (120) (version 
v1.0.2-33-gdbb6160-dirty). To facilitate FreeBayes processing, regions of the 
polished assembly were broken into 500kbp chunks using the FreeBayes 
“fasta_generate_regions.py” script. The separate VCF output files were then 
concatenated using the VCFtools (121) ‘vcf-concat’ program. The FreeBayes utility 
‘vcffilter’ was used to filter these variants for quality greater than 10 (‘-f "QUAL > 
10” ‘). VCFtools was then used to compute variant density by specifying ‘--
SNPdensity 10000’ to calculate variant density in 10kbp windows. Highly variant 







 The 40kbp mate-pair Illumina reads of the same homozygous inbred O. niloticus 
line (83) were downloaded from the NCBI SRA (SRR071595, SRR071598, and 
SRR071611). Trimmomatic (113) (version 0.32) was run to remove adaptor 
sequences and to trim/quality filter these reads. The relevant parameters for 
Trimmomatic were ‘PE -phred33 ILLUMINACLIP:TruSeq2-PE.fa:1:30:10 
SLIDINGWINDOW:10:20 LEADING:5 TRAILING:10 CROP:76 HEADCROP:4 
MINLEN:70’. The trimmed and filtered reads were combined and aligned to the 
polished assembly using BWA mem (122) (version 0.7.12-r1044) with the ‘-M’ flag. 
The Picard (115) (version 2.1.0) ‘SortSam’ program was used to convert the SAM 
output to BAM (‘SORT_ORDER=coordinate’) and the Picard ‘MarkDuplicates’ 
program was used to identify duplicate reads. The physical coverage of the 40kbp 
mate-pairs was calculated on a per-contig basis using a series of piped samtools (114) 
(version 1.1) and bedtools (version v2.26.0) commands using the following template, 
where ‘contig’ and ‘contig_size’ are the specific contig and its respective size: 
‘samtools sort -no <(samtools view -bh -F 2 -q 1 40kb.bam contig) tmp | bamToBed -
i stdin -bedpe | cut -f 1,2,6 | sort -k 1,1 | bedtools genomecov -i 
 stdin -g <(echo -e "contig\tcontig_size\n") -bga -pc | grep ^contig > output’. Regions 
within 200kbp of the start or end of a contig were then excluded from this analysis. 
Regions below 20x physical coverage of 40kbp mate-pair reads were flagged. 
 Regions of high variant density within 20kbp of each other, based on raw PacBio 
alignments, were merged using the bedtools ‘merge’ program (‘-d 20000’). The same 
merging of windows was performed for regions of low physical coverage based on 






determine regions of high-density PacBio variants and low 40kbp mate-pair physical 
coverage that overlapped by at least 80% in the high-density PacBio variants merged 
windows (‘-f 0.8’).   
 Regions of both high-density PacBio variants and low 40kbp mate-pair physical 
coverage were compared to the alignments of the RH map and RAD map to confirm 
or contradict the putative misassemblies. Putative misassembled regions were 
manually inspected using the BLASR and BWA alignments using IGV (123). In 
addition to these tracks, both RefSeq (93) (release 70) O. niloticus transcripts aligned 
to the polished Canu assembly using GMAP (55) (version 2015-07-23) and 
RepeatMasker (65) repeat annotations were considered when defining the exact 
location of a misassembly. Break locations were chosen so that they did not occur 
within RefSeq transcripts or within single repeat annotations. The REAPR (48) 
(version 1.0.18) ‘break’ program was used to break and fix the polished Canu 
assembly by providing the determined break locations.  
 
3.6.7 Anchoring with Chromonomer 
Chromonomer (124) (version 1.05) was first used to anchor the polished and 
misassembly-corrected assembly using the RH map for O. niloticus (95). This initial 
anchored assembly was then subsequently anchored again with a RAD map for O. 
niloticus (96). BWA mem (version 0.7.12-r1044) was used in both Chromonomer 
runs to create the input SAM file by aligning respective map marker sequences to the 
appropriate intermediate assembly. A minimum of two markers were required to 






contigs using ‘--join_gap_size 10000’ in Chromonomer. Several RH linkage groups 
required manual placement were fixed by replacing their entries in the SAM file used 
by Chromonomer. The RH map LGs that were not anchored using the RAD map 
(“LOD4.9-RH10- LG10”, “LOD6.5-RH17- LG15”, and “LOD5.7-RH31- LG3”) 
were manually placed onto the final LGs by using the additional mapping data 
provided in the previous publication, ‘Additional file 4. Data S4’ of (95) which 
integrated FISH mapping of BAC markers and an previous genetic map (125). Three 
RH LGs also had to be fixed as they contained a number of repetitive markers, which 
was causing them to be anchored to incorrect linkage groups in the RAD map 
(“LOD4.5-RH5- LG9,” LOD6.9-RH6-LG5.rev”, and “LOD5.1-RH8-LG13”). 
 To further evaluate the candidate assemblies described above, the Chromonomer 
output file ‘problem_scaffolds.tsv’ was used to count the number of contigs in each 
assembly that had multiple markers that mapped to two or more separate linkage 
groups.  
 
3.6.8 RefSeq Annotation 
The O_niloticus_UMD1 assembly was submitted to NCBI to perform the Eukaryotic 
Genome Annotation Pipeline (126). This automated pipeline masks the assembly, and 
aligns existing transcript, protein, RNA-seq, and curated RefSeq sequences to it. 
Gene prediction based on these alignments is performed and the best gene models are 
selected among the RefSeq and predicted models which are then made available as 
the annotation release. The O_niloticus_UMD1 assembly was annotated as 






the previous “annotation release 102” (128) consisted of the Orenil1.1 annotation 
using software version 6.4 on July 30 2015. The Orenil1.1 annotation used 
1,319,429,488 reads available and the O_niloticus_UMD1 used 2,295,445,708 reads 
available at the times of the respective annotations. The newer transcriptome datasets 
were derived from testis, ovary, liver, and gill tissues. Only the gill tissue was not 
present in the annotation of Orenil1.1. The numbers in Table 3.5 were extracted from 
these summaries.   
 
3.6.9 Repeat Annotation 
The annotation of repetitive elements was run on several of the intermediate 
assemblies as well as the final O_niloticus_UMD1 assembly. For each of these 
assemblies, RepeatModeler (64) (version open-1.0.8) was first used to identify and 
classify de novo repeat families present in each assembly. These de novo repeats were 
then combined (separately for each assembly) with the RepBase-derived 
RepeatMasker libraries (129). RepeatMasker (65) (version open-4.0.5) was then run 
on each of these assemblies using NCBI BLAST+ (version 2.3.0+) as the engine (‘-e 
ncbi’) and specifying the combined repeat library (‘-lib’). The more sensitive slow 
search mode (‘-s’) was used.  
 
3.6.10 Analysis of Duplicated Vasa Regions 
The vasa transcript (NCBI accession AB032467.1) was aligned to three assembled 
BAC clones (NCBI accessions AB649031-AB649033) corresponding to the three 






2015-07-23). The vasa transcript was also aligned to the scaffolds of the Orenil1.1 
assembly and the final anchored O_niloticus_UMD1 assembly. IGV was used to 
generate images displaying the transcript alignments of the duplicated vasa genes. 
 
3.6.11 Sex Comparisons 
Sex comparisons were run on the O_niloticus_UMD1 assembly for two species of 
tilapia, O. niloticus and O. aureus. The O. niloticus sequence data used in this study 
was previously described (27). The O. aureus individuals used were F1 individuals 
derived from a stock originally provided by Dr. Gideon Hulata (Institute of Animal 
Science, Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel) 
and maintained at University of Maryland. These animal procedures were conducted 
in accordance with University of Maryland IACUC Protocol #R-10-74. A total of 58 
O. niloticus XY males, 33 O. niloticus XX females, 22 O. aureus ZZ males and 22 O. 
aureus WZ females were pooled separately, sheared to ~500bp on a Covaris shearer, 
and sequenced on an Illumina HiSeq 2000. The reads from each pool were separately 
mapped to O_niloticus_UMD1 using BWA mem (v0.7.12). The alignments were 
sorted and duplicates were marked with Picard (v2.1.0). Alignments were converted 
into an mpileup file using Samtools (v0.1.18) and subsequently into a sync file using 
Popoolation2 (v1201) (130). Estimates of FST and analyses of sex-patterned variants 
(SNPs and short deletions that are fixed or nearly fixed in the homogametic sex and 
in intermediate frequency in the heterogametic sex) were carried out using 






O. niloticus sex comparison, the XX females were set to be the homogametic sex. For 
the O. aureus comparison, the ZZ males were set to be the homogametic sex. 
 
3.7 Ethics approval and consent to participate 
All working animal procedures complied with the UK Animals (Scientific 
Procedures) Act (111) under project license number PPL 60/4397 and were 
performed at the University of Stirling, UK. The animal used for this study was 
developed and maintained at the University of Stirling, UK.  
 
3.8 Availability of data and material 
Sequencing data is available via NCBI using the accessions provided below. 
Female O. niloticus pool: SRR1606304 
Male O. niloticus pool: SRR1606298 
Female O. aureus pool: SRR5121055 
Male O. aureus pool: SRR5121056 
44X O. niloticus PacBio reads: SRP093160 
O_niloticus_UMD1 Assembly: MKQE00000000 
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African cichlid fishes are well known for their rapid radiations and provide a good 
model system for studying evolutionary processes. In particular, we do not have a 
good understanding of how genome structure evolves in rapidly radiating lineages. 
Here we compare multiple, high-quality, chromosome-scale genome assemblies to 
understand the mechanisms of cichlid diversification at a genomic level.  
 
4.1.2 Results 
We re-anchored our recent assembly of the Nile tilapia (Oreochromis 






novo genome assembly of the Lake Malawi cichlid, Metriaclima zebra, using high-
coverage PacBio sequencing and anchor contigs to linkage groups (LGs) using four 
different genetic maps. These new anchored assemblies allow for the first 
chromosome length comparisons of African cichlid genomes.  
Large (~2-28Mbp) intra-chromosomal structural differences among species 
are common. However, there are relatively few inter-chromosomal differences (< 
10Mbp total). By assembling and placing centromere arrays in the genome 
assemblies, we show that the large structural differences account for many of the 
karyotype differences among species. Most chromosomes share a characteristic 
pattern of recombination along their length. The exceptions involve regions of large 
structural change associated with sex-determination chromosomes. Structural 
differences on LG9, LG11 and LG20 are associated with reductions in recombination, 
and suggest the presence of inversions unique to the sand-dwelling clade of Lake 
Malawi cichlids.  M. zebra has a larger number of recent transposable element (TE) 
insertions compared to O. niloticus, indicating that several TE families have a higher 
rate of insertion in the haplochromine cichlid lineage.  
 
4.1.3 Conclusion 
 This study provides a new set of genomic resources that sets the stage for 








African cichlid fishes, due to their phenotypic diversity and rapid speciation 
over the last several million years, are a model system for studying the mechanisms 
of evolution (31).  The utility of the system has been enhanced by increasingly 
complete genome assemblies. Draft genomes of five African cichlid species were 
previously generated using Illumina short-read sequencing and used in an initial 
analysis exploring some of the forces at play in African cichlid speciation (5). The 
draft genome assembly of the Lake Malawi cichlid, Metriaclima zebra, was one of 
the most cutting edge short-read only genomes, as revealed in the Assemblathon 2 
competition (6). However, these five draft genome assemblies contain a large number 
of gaps, and only the assembly of the Nile tilapia, Oreochromis niloticus, has been 
anchored to linkage groups (LGs), making it difficult to compare the structure of 
cichlid genomes at chromosomal scales.  
To improve these cichlid genome resources, we have employed long-read 
Pacific Bioscience SMRT sequencing. Long-read DNA sequencing technology has 
made it much easier to create accurate and contiguous genome assemblies 
(18,86,131–133).  In particular, long-read technologies have allowed assembly of 
repetitive sequences, and the identification of structural variants. We previously 
improved the genome assembly for the Lake Malawi cichlid, M. zebra, by sequencing 
16.5X coverage of PacBio reads to fill in gaps and characterize repetitive sequences 
(84). We also produced a new high-quality genome assembly of O. niloticus, using 






linkage groups, which allowed us to characterize the structure of two sex 
determination regions in tilapias (29).  
Cichlid karyotypes are fundamentally similar. Nevertheless, the diploid 
number varies from 32-60 (23), and the proportion of metacentric chromosomes 
varies among cichlid species (24,98). These karyotype changes may have played an 
important role in the evolution and speciation of African cichlids. Classical 
cytogenetic studies are able to characterize differences in chromosome number, as 
well as large fusion or translocation events, that are easily seen under the microscope. 
They are less suited to studying smaller genome rearrangements, including inversions 
smaller than a few megabases. Comparisons of chromosome scale assemblies in other 
vertebrate groups have begun to identify extensive structural differences at both the 
cytogenetic and the sequence assembly level (134,135), but the role of chromosome 
rearrangements in recent adaptive radiations has not been well studied.  
Chromosome scale assemblies can be achieved either by physical mapping 
techniques (136), or by anchoring the contigs of the sequence assembly to genetic 
linkage maps. Genetic maps have the advantage of reflecting another important 
feature of genomes, namely variation in recombination rate, which has manifold 
impacts on the levels of genetic polymorphism (137). Recombination rate also has 
practical effects on the efficiency of genome scans (138). 
Here we describe chromosome-scale assemblies of two cichlid genomes.  
First, we re-anchor our previously published PacBio assembly of the Nile tilapia 
(Oreochromis niloticus) genome (29) using a new high-density genetic map.  Second, 






reads.  Finally, we anchor the M. zebra assembly with several recombination maps 
produced from hybrid crosses among closely related species from Lake Malawi. The 
anchored genome assemblies of these two species allow for the first chromosome-
scale comparison of African cichlid genomes.  
In this paper, we integrate the whole genome alignments of these two species 
with the location of centromeres and the patterns of recombination, to arrive at a 
panoramic view of African cichlid genome structure. This new view allows us to see 
how the structure of cichlid genomes has evolved over the last several million years. 
This perspective raises new questions about the evolution of cichlid genomes, and 
how it relates to the evolution of sex chromosomes and the adaptive radiation of East 
African cichlids. We focus our analyses on three aspects of genome evolution that are 
revealed by these new chromosome-scale assemblies.  
First, we describe the pattern of recombination along each chromosome.  
Spatial variation in recombination rate has implications for patterns of genetic 
variation (139,140), the evolution of sex chromosomes (141), and the analysis of 
genome-wide associations between phenotypes and genotypes (138). Despite the 
importance of recombination in shaping genome architecture (142), it is only 
beginning to be studied in cichlids (143). A great diversity of sex chromosomes have 
evolved in East African cichlids, likely the result of sexual genetic conflict (144). 
Rapid changes in sex determination mechanism, which are frequently variable even 
within species, may play an important role in cichlid speciation (31). The evolution of 
new sex chromosomes often involves chromosomal inversions, which change the 






recombination, and their effects on genetic variation, have been hampered by the 
incomplete nature of the previous draft genome assemblies. 
 Second, we characterize the patterns of chromosome rearrangement among 
species. It has been suggested that teleost karyotypes have remained largely stable 
since the fish-specific whole genome duplication more than 300 million years ago 
(146). This is in contrast to recent reports of chromosomal fusions among closely 
related cichlid species (147,148), and a large number of putative inversions associated 
with the evolution of sex chromosomes in various species (27–29).  Chromosome-
scale assemblies of cichlids will allow us to quantify the levels of synteny among 
teleost lineages, and the rate of intra-chromosomal rearrangement among cichlid 
lineages in East Africa. 
 To further explore these distinct patterns of recombination and structural 
changes in cichlids, an older evolutionary comparison with the detailed genomic 
history of the medaka (Oryzias latipes) was utilized. Previous studies in medaka have 
shown that subsequent to the teleost-specific whole-genome duplication 320-350 
million years ago, a subset of medaka chromosomes remained stable while another 
subset underwent more dramatic fusion and translocation events (146,149). Related 
comparisons using additional teleost species have shown that the diploid number of 
chromosome are relatively stable (24-25 diploid chromosomes in 58% of teleosts) 
and that when the chromosome number is lower in a particular species or group that it 
is due to chromosome fusion events (150).  
Finally, we quantify the abundance and distribution of various transposable 






particular transposon families in East African cichlids (151,152). Transposable 
elements (TEs) may play important roles in shaping genome architecture, particularly 
the divergence of sex chromosomes. Transposable elements also may be an important 
source of regulatory mutations (153). Insertion of an AFC-SINE into a gene promoter 
is associated with the evolution of a novel egg-spot coloration pattern in 
haplochromine cichlids (154). Similar promoter element re-wiring events have been 
shown to control cichlid opsin visual sensitivity (155). Since transposons may have 
been involved in the evolution of many other phenotypes, it is important that these 
sequences be well-represented in genome assemblies.  Unfortunately, transposable 
elements are not well-represented in genome assemblies based on short Illumina 
sequence reads. Our previous work has shown how long-read sequencing greatly 
improves both the amount and length of TE repeats in cichlid genome assemblies 
(29,84). A comparative analysis of transposable elements will improve our 
understanding of the patterns of transposon insertion and deletion during the radiation 
of East African cichlids. 
 
4.3 Analyses 
4.3.1 Anchoring the O. niloticus assembly to a high-density linkage map 
The recently assembled O. niloticus genome (29) was re-anchored in this study using 
a new high-density map (40,190 SNP markers, see Methods). This new map 






previous O_niloticus_UMD1 assembly with this newly anchored 
O_niloticus_UMD_NMBU assembly.  
 
Linkage 
group O_niloticus_UMD1 O_niloticus_UMD_NMBU Change 
LG1 38,372,991 40,673,430 2,300,439 
LG2 35,256,741 36,523,203 1,266,462 
LG3 68,550,753 87,567,345 19,016,592 
LG4 38,038,224 35,549,522 -2,488,702 
LG5 34,628,617 39,714,817 5,086,200 
LG6 44,571,662 42,433,576 -2,138,086 
LG7 62,059,223 64,772,279 2,713,056 
LG8 30,802,437 30,527,416 -275,021 
LG9 27,519,051 35,850,837 8,331,786 
LG10 32,426,571 34,704,454 2,277,883 
LG11 36,466,354 39,275,952 2,809,598 
LG12 41,232,431 38,600,464 -2,631,967 
LG13 32,337,344 34,734,273 2,396,929 
LG14 39,264,731 40,509,636 1,244,905 
LG15 36,154,882 39,688,505 3,533,623 
LG16 43,860,769 36,041,493 -7,819,276 
LG17 40,919,683 38,839,487 -2,080,196 
LG18 37,007,722 38,636,442 1,628,720 
LG19 31,245,232 30,963,196 -282,036 
LG20 36,767,035 37,140,374 373,339 
LG22 37,011,614 39,199,643 2,188,029 










Table 4.1 – Anchoring comparison of O_niloticus_UMD1 and 
O_niloticus_UMD_NMBU. 
 The previous O_niloticus_UMD1 assembly anchored a total of 868.6Mbp and 
the new O_niloticus_UMD_NMBU assembly anchored a total of 907.6Mbp (90.2%), 
The majority of the newly anchored sequence is on LG3, which increased 19Mbp 
from 68.6Mbp to 87.6Mbp. The new O_niloticus_UMD_NMBU assembly also 






LG3b. LG3 is known to be the largest and most repetitive chromosome in O. niloticus 
(98), as well as being a known sex determination chromosome (79). The repetitive 
nature of O. niloticus LG3 is highlighted by the fact that it required this new dense 
map to anchor these smaller contigs. Several LGs (e.g. LG16) have fewer total bp 
anchored in the O_niloticus_UMD_NMBU compared to the previous 
O_niloticus_UMD1 assembly. This is due to the fact that misassembled contigs that 
have been broken by the new map are now assigned to their correct LG. 
4.3.2 Diploid sequence assembly of Metriaclima zebra 
The 65X PacBio reads were assembled using FALCON/FALCON-unzip (86)  
to generate the new diploid M. zebra assembly, “M_zebra_UMD2”. FALCON first 
assembles the PacBio reads into primary contigs (p-contigs) and associate contigs (a-
contigs) that correspond to alternate alleles. During the FALCON-unzip step, reads 
are assigned to haplotypes by phasing of heterozygous SNPs and then a final set of p-
contigs and haplotigs are produced. Table 4.2 provides the assembly summary 
statistics for each of these assembly parts. Measuring the completeness of the p-
contigs is simple since the total size of p-contigs (957Mb) closely matches the 
estimated cichlid genome size of 1Gbp (97). To measure the completeness of the 
haplotigs, the theoretical sizes of heterozygous regions under null expectations of 
recombination rates and effective population sizes were compared to the size 
distribution of the haplotigs. Appendix A shows the size distribution of the assembled 
haplotigs and how it relates to the theoretical recombination rate for several different 






curves representing effective population sizes of 1,000-2,500 which closely matches a 
recent estimate of the effective population size in M. zebra (156). 
 
















FALCON p-contigs 986.67  3931 1.38  200 251.00  10.04  
 




46.42  0.381  
FALCON-unzip p-
contigs 
957.01  2313 1.42  186 413.75  10.01  
FALCON-unzip 
haplotigs 




100.89  1.17  
 
Table 4.2. FALCON assembly results for M. zebra. NG50 and LG50 are based on 
estimated genome size of 1Gbp. N50 and L50 sizes provided for a-contigs and 
haplotigs since there is no known size for the alternate haplotype.  
4.3.3 Anchoring of the M. zebra genome assembly 
Four genetic recombination maps generated from RAD-seq studies of F2 
crosses of six Lake Malawi cichlid species were first used to detect misassemblies, 
then to anchor the contigs to LGs, and finally to compare species level structural 
differences. Two previously generated maps consisted of crosses of Metriaclima 
zebra x Metriaclima mbenjii with 160 F2 (66) and Labeotropheus fuelleborni and 
Tropheops ‘red cheek’ with 262 F2 (157). Two new maps consisted of crosses of M. 
mbenjii x A. koningsi (331 F2) (in preparation) and M. mbenjii x A. baenschi (161 F2) 






the four maps and the final M_zebra_UMD2 assembly (760.7Mbp).  
 
Linkage group 
M. zebra x 
M. mbenjii 





M. mbenjii x 
A. koningsi 
(331 F2) 







LG1 31,191,433 32,150,205 38,662,702 36,192,366 38,662,702 
LG2 25,783,542 28,952,651 32,647,892 33,362,328 32,647,892 
LG3 18,498,838 14,707,016 37,717,145 24,847,713 37,309,556 
LG4 28,418,370 24,424,243 29,889,472 23,743,562 30,507,480 
LG5 29,725,229 34,008,850 36,154,892 30,984,548 36,154,892 
LG6 15,868,181 32,717,361 39,879,506 32,438,073 39,760,669 
LG7 29,333,014 57,016,972 64,381,187 50,973,986 64,889,811 
LG8 19,307,854 16,999,744 24,280,574 18,082,738 23,959,896 
LG9 21,018,370 22,620,859 18,771,712 24,011,483 21,018,370 
LG10 25,942,318 26,176,893 32,583,833 25,149,136 32,346,187 
LG11 32,253,887 30,903,800 34,404,464 31,577,152 32,434,411 
LG12 23,231,402 31,401,442 34,043,602 31,595,605 34,077,077 
LG13 25,893,161 24,034,634 31,886,878 28,831,406 32,061,881 
LG14 32,750,971 32,025,991 37,909,455 30,978,148 37,855,742 
LG15 28,015,059 28,462,857 34,537,245 28,405,563 34,537,245 
LG16 24,665,172 26,935,058 34,727,877 29,158,962 34,727,877 
LG17 28,473,329 31,631,813 35,766,785 31,607,415 35,766,785 
LG18 19,927,984 23,757,304 29,457,134 30,047,761 29,494,144 
LG19 24,076,222 19,992,035 25,739,093 22,726,673 25,955,740 
LG20 28,281,247 30,800,769 24,975,175 29,774,176 29,774,176 
LG22 27,460,019 31,372,369 34,717,234 30,512,954 34,717,234 














unanchored 957,158,042 957,163,242 957,185,442 957,167,042 957,200,631 
 
Table 4.3. Anchoring of the M. zebra assembly to four different linkage maps. The 
FALCON assembly was anchored to each map separately, and the total bases 
anchored shown for each LG and map. The anchored map LGs that were used for the 
M_zebra_UMD2 anchoring are indicated in bold. The L. fuelleborni x Tropheops 






LG13a/LG13b). Usage of particular LGs in the final anchoring is based on accuracy 
and not necessarily overall length. 
 
Prior to the final anchoring, these four maps were also used to detect and 
confirm potential misassemblies in the FALCON assembly. Appendix B provides the 
list of FALCON p-contigs where markers from two or more different LGs maps 
aligned, indicating a potential inter-LG misassembly. Each of these potential 
misassemblies were further inspected using alignments of a 40kb Illumina mate-pair 
library (158), RefSeq gene annotations (93), and repeat annotations (see Methods). In 
some cases, it was determined that some map marker sequences were repetitive and 
giving a false misassembly signal. A total of 33 potential misassemblies were 
inspected and 16 likely misassemblies were identified and broken. An example view 
of one of these misassemblies is provided (Appendix C). Whole genome alignment 
comparisons (see section below) detected one additional intra-chromosomal 
misassembly brining the final total to 17 breaks.  
The M. mbenjii x A. koningsi map typically anchored more of the M. zebra 
assembly contigs and in a more accurate order (relative to O. niloticus) than did the 
other three maps. This is likely due to the fact that the M. mbenjii x A. koningsi map 
had both more F2 Individuals and more map markers than the other three maps, giving 
it the highest resolution. However, for several LGs (LG2, LG9, LG18, LG20, see 
Table 4.3), one of the other three maps anchored more contigs. However, the map that 
produced the longest anchored LG did always appear to be the most accurate. To 






was aligned to the anchored O. niloticus assembly and compared (Appendix D). In 
the final assembly, the M. zebra x M. mbenjii map was used to anchor LG9 and LG11 
and for LG20 the M. mbenjii x A. baenschi map was used. The anchoring of LG9 
using M. mbenjii x A. koningsi map was very short compared to the other LGs and 
may be indicative of a hybrid incompatibility on LG9 in that cross. The other three 
maps anchored significantly more of LG9. The M. zebra x M. mbenjii map was 
chosen to anchor LG9 as it showed the closest ordering relative to the O. niloticus 
assembly (Appendix D). The M. zebra x M. mbenjii map was also chosen to anchor 
LG11 as the other three maps showed large structural differences (Appendix D and 
also seen in the recombination maps, presented below). LG20 was best represented by 
the M. mbenjii x A. baenschi map based on alignment to O. niloticus, overall size and 
by ordering of markers in the recombination maps. The final M_zebra_UMD2 
anchoring used three of the four maps to assign, order and orient contigs. The L. 
fuelleborni x Tropheops ‘red cheek’ map was not used in the final anchoring but 
helped confirm many misassemblies and informed structural similarities and 
differences. Several LGs have slightly different overall sizes than when the assembly 
was anchored with just a single map (e.g. LG3 changed from 37,717,154bp to 
37,309,556bp, Table2).  This is due to the fact that several small contigs are assigned 
to different LGs by the four different maps. 
4.3.4 Structural differences among Lake Malawi cichlid genomes 
The process of anchoring the M_zebra_UMD2 assembly to the four maps also 






were any large structural differences between species. Since a large number of the 
same p-contigs were assigned to LGs by each map separately, we could look for 
contigs that were assigned to different LGs in any of the four maps. Table 4.4 
provides the list of the 9 contigs that were assigned to different LGs by at least two 








 contig size 
Mz. x Mb. 
map LG 
Lf. x Tr. 
map LG 
Mb. x Ak. 
map LG 
Mb. x Ab.  
map LG Notes 
000084F_pilon|quiver 2,383,905 LG1 (1) LG3 (3) LG3 (6) LG3 (3)  
000105F_pilon|quiver
_1_1312536 1,312,536 NA LG10a (1) LG2 (1) LG2 (3)  
000201F_pilon|quiver 1,489,552 LG3 (1) LG1 (3) LG3 (3) LG3 (1)  




000256F_pilon|quiver 1,241,607 LG20 (1) LG20 (1) NA LG9 (1)  
000414F_pilon|quiver 805,874 LG5 (1) LG5 (1) NA LG3 (1)  




000541F_pilon|quiver 515,490 NA LG2 (1) LG3 (1) NA  
000671F_pilon|quiver 374,096 LG23 (1) NA LG23 (1) LG22 (1)  
Table 4.4. Putative inter-chromosomal differences as identified by map anchoring comparison. The number of markers aligned to 
each contig for each LG is indicated in (N). ‘NA’ indicates that a particular map had no markers aligned to that contig. Potential 







Seven of these nine contigs are anchored by only a single marker on a different LGs 
than the three other maps and so it is difficult to determine if there is a true inter-
chromosomal difference with such little evidence. Even when all nine contig 
anchoring differences are considered, it amounts to only 10.1Mbp of total inter-
chromosomal differences between the species used to generate the maps. This 
estimates at most 1% of these Lake Malawi cichlid genomes are different at the inter-
chromosomal level. 
 760.7Mbp of the 957.2Mbp total assembly was anchored (Table 4.3). In this 
80% of the genome, we detected only 10.1Mbp of potential inter-chromosomal 
differences. It is possible, that there are some other significant inter-chromosomal 
differences that we did not detect in the unanchored portion of the genome. If they do 
exist, they are likely to be highly repetitive portions of these genomes that could not 
be assembled into long contigs and/or reliable map markers. 
 
4.3.5 Localization of centromeric repeats 
Figure 4.1 shows the karyotype of O. niloticus and Metriaclima lombardoi, 
two species that diverged 17-28 million years ago (159). M. lombardoi is a sister 
species to M. zebra and very closely related.  O. niloticus was chosen for this 
comparison since it is the closest relative to M. zebra to have an anchored assembly 
available. The O. niloticus SATA repeat (160) is mapped and counter stained in the 
O. niloticus karyotype and maintained in African cichlid centromeres (98). The 











Figure 4.1. A) Chromosome mapping of SATA satellite DNA in O. niloticus 
reproduced with permission from (98). B) Giemsa-stained karyograms of the Lake 









The karyotypes of M. zebra and O. niloticus each have 22 chromosome pairs, 
as do the majority of African cichlids. O. niloticus has only one meta-submetacentric 
and 21 subtelo-acrocentric chromosomes whereas M. zebra has six meta-
submetacentric and 16 subtelo-acrocentric chromosomes. The chromosomes in Figure 
4.1 have been ordered by type and then by size but have not been assigned to LGs via 
genetic maps, previously. Whole genome alignments of M_zebra_UMD2 and 
O_niloticus_UMD_NMBU were performed and visualized. Appendix D contains 
images of these whole genome alignments for each LG.  Figure 4.2 shows the LG23 
alignment of M. zebra and O. niloticus. Placement of centromere repeats and a large 
structural rearrangement on LG23 indicates that it is a chromosome that is subtelo-
acrocentric in O. niloticus, but meta-submetacentric in M. zebra. Perhaps the most 
diverged LG is LG3. Appendix E shows an FST comparison of the Oreochromis 
aureus male versus female pools described in (29). There is a very wide region of 









Figure 4.2 – Alignment comparison of LG23 in M. zebra and O. niloticus. Centromere repeats in each assembly are indicated 







Centromere repeats were not assembled on every single LG in both M. zebra 
and O. niloticus. However, on LGs where centromere repeats were placed in both 
assemblies and a large structural difference was observed, we were able to identify a 
large centromere repositioning event indicating acrocentric/metacentric changes 
(LG4, LG7, LG16, LG17). Although centromeres were not identified in both genome 
assemblies LG2, LG6, LG20, and LG22 show similar rearrangement events at the 
ends of chromosomes that may indicate acrocentric/metacentric changes as well 
(Appendix D). 
In addition to identifying and assigning LGs to the karyotype changes 
between M. zebra and O. niloticus, the whole genome alignment comparisons have 
also identified a number of large intra-chromosomal structural rearrangements. On 
LG2 there are two large rearrangements of ~15Mbp and ~20Mbp (Appendix D). The 
largest single structural change appears on LG19 where there is a ~23Mbp 
rearrangement between M. zebra and O. niloticus. A similar ~20Mbp rearrangement 
is present on LG20. There is an ~11Mbp rearrangement at one end of LG22 that may 
be associated with another centromere location change, although the centromere was 
not localized on LG22 in either assembly. 
 
4.3.6 Variation in recombination rate among species 
 The four Lake Malawi genetic recombination maps were also used to compare 
differences in rates and patterns of recombination across LGs and to detect any 






aligned to the final M_zebra_UMD2 assembly and plotted against their 
recombination map positions. Figure 4.3 shows the comparison of the four maps 
relative to M_zebra_UMD2 on LG23. Each of the four maps shows high 
recombination from 0-15Mbp and then much lower recombination to the end of the 
LG23. The centromere is placed at 30.1Mbp on LG23 and is in the middle of the 
region of low recombination. This region of low recombination also corresponds to 
the large (~15Mb) structural rearrangement relative to O. niloticus (Figure 4.2). 
Appendix F contains plots of each of the four maps relative to M_zebra_UMD2 for 
each LG. During this process, one additional misassembly was detected at 6,922,000 
on contig 000000F on LG12 and subsequently broken for the final anchoring 








Figure 4.3  - Comparison of the four maps relative to M_zebra_UMD2 on LG23. 
 
 The male and female O. niloticus recombination curves are plotted against the 
O_niloticus_UMD_NMBU assembly and provided in Appendix G. Overall, both the 
O. niloticus and the Lake Malawi LGs are characterized by low recombination on the 
ends of LGs and higher recombination in the middle of LGs. There were several 

































































● M. mbenjii x A. koningsi
M. mbenjii x A. baenschi
L. fuelleborni x Tropheops 'red cheek'
M. zebra x M. mbenjii






low recombination for the first ~15Mb that also corresponds with a large structural 
rearrangement relative to O. niloticus (Appendix D), where recombination is not as 
suppressed.  LG7 maintains the overall pattern of low recombination at the ends, but 
also has a region of low recombination in the middle (at ~30Mbp in 
M_zebra_UMD2) near several smaller scale rearrangements relative to O. niloticus. 
LG7 is a known sex determination chromosome in Lake Malawi (80), and this odd 
recombination pattern may represent multiple strata or independent sex inversion(s) 
on LG7.  LG9 appears to be experiencing a large amount of structural rearrangement 
within all four crosses as seen by both the recombination map and whole genome 
alignment comparisons. However, in O. niloticus, LG9 does not have any abnormal 
recombination patterns. There appears to be a ~2Mbp inversion on LG10 (relative to 
O. niloticus) that is associated with lowered recombination near the position at 
20Mbp in M_zebra_UMD2. LG11 follows the typical recombination pattern for the 
M. zebra x M. mbenjii map, but there appears to be a large 15Mbp inversion in the 
Aulonocara genus as seen by both the M. mbenjii x A. koningsi and M. mbenjii x A. 
baenschi maps. The L. fuelleborni x Tropheops ‘red cheek’ map also shows a large, 
but different rearrangement on LG11 when compared to O. niloticus (which does not 
have abnormal recombination on LG11). LG15 has a region of lower recombination 
in the middle that also associated with structural rearrangements relative to O. 
niloticus. There is a large structural rearrangement on LG20 present in each of the 
four map anchored assemblies that is also associated with a large (~15Mbp) region of 






 Each of the O. niloticus LGs show a difference in recombination between 
males and females. The typical pattern is higher recombination in the females than the 
males. However, LG6 and parts of LG4, LG9, LG16, LG20, and LG22 show higher 
recombination in males than females. LG3 and LG23 are both known sex 
determination chromosomes in tilapias (78,79), and each deviates from the normal 
recombination patterns. On LG3, the largest chromosome in O. niloticus (Figure 4.1), 
there is very low recombination for ~70Mbp. On LG23 there is a ~28Mbp region of 
greatly reduced recombination.  
 
4.3.7 Major structural rearrangements of ancient cichlid chromosomes 
 We aligned the O_niloticus_UMD_NMBU assembly to the recently published 
“HSOK” O. latipes medaka assembly (149). O. niloticus has 22 chromosome pairs, 
while the medaka HSOK genome has 24 chromosome pairs. Table 4.5 shows the 























LG1 3  
LG2 10  
LG3 18  
LG4 8  
LG5 5  
LG6 1  
LG7 6 (32Mbp) 12 (31Mbp) 
LG8 19  
LG9 20  
LG10 14  
LG11 16  
LG12 9  
LG13 15  
LG14 13  
LG15 24 (31Mbp) 4 (5Mbp) 
LG16 21  
LG17 23 (23Mbp) 4 (12Mbp) 
LG18 17  
LG19 22  
LG20 7  
LG22 11  
LG23 2 (23Mbp) 4 (17Mbp) 
 
Table 4.5. Corresponding O. niloticus and O. latipes LG and chromosomes. 
Chromosomes with large fusion/translocation events have alignment lengths 
provided. 
 
 We identify several large chromosome rearrangement events that happened in 
the cichlid ancestor. Tilapia LG7, the second largest LG (Table 4.1), is comprised of 
medaka chromosomes 6 and 12 in their entirety (Figure 4.4). This suggests a 
chromosome fusion that of these ancestral chromosomes that have remained in 






chromosome 2 in its entirety and roughly 17Mbp or roughly half of medaka 
chromosome 4 (Figure 4.5). The other half of medaka chromosome 4 was likely 
translocated onto LG15 and LG17. The remaining 18 chromosomes have undergone 
extensive intra-chromosomal rearrangements in many cases yet largely correspond to 
the same chromosomes having evolved over the course of the 120 million years of 
evolution since the divergence of the common ancestor of medaka and tilapia. LG3 is 
the largest tilapia LG (Table 4.1), but surprisingly does not show any evidence of a 
chromosomal fusion or translocation event. Tilapia LG3 aligns well to medaka 
chromosome 18 along the first ~30Mbp of LG3, and the remainder of LG3 aligns to 
medaka chromosome 18 in a much more sporadically and with much less contiguity. 








Figure 4.4. O_niloticus_UMD_NMBU LG07 is an ancient fusion of medaka HSOK 12 and 6.  







Figure 4.5. O_niloticus_UMD_NMBU LG23 is an ancient fusion of medaka HSOK 2 and part of medaka HSOK 4.  






4.3.8 Repeat landscape of the Metriaclima zebra assembly 
Similar to the O_niloticus_UMD1 assembly which is 37% repetitive (29), the 
M_zebra_UMD2 assembly is 35% repetitive. Figure 4.6 shows the repeat landscape 
for the M. zebra and O. niloticus assemblies. While the O. niloticus genome assembly 
does have a slightly larger total amount of repeats, the M. zebra genome assembly has 
a noticeably larger amount of recent TE insertions (sequence divergence < 2%). To 
test that this observation was not an artifact of differences between the two assembly 
processes, we assembled the M. zebra PacBio reads at the same coverage, with the 
same parameters, using the same software version and on the same compute cluster as 
was performed for the O_niloticus_UMD1 assembly. RepeatMasker was 
subsequently run on this assembly and the pattern of more recent insertion became 
















Three TE families account for the largest differences in the recent TE activity difference 
seen between the two species. The class II DNA transposon super family, Tc1-Mariner, makes 
up 0.5% of the total O_niloticus_UMD1 assembly, whereas it makes up 1.3% of the M. zebra 
assembly for recent insertions with 0-1% sequence divergence. Another class II DNA transposon 
super family, hAT, is present at 0.15% in O_niloticus_UMD1, but present at 0.45% in the 
equivalent M. zebra assembly for recent insertions with 0-1% sequence divergence. The class I 
retrotransposon super family, LINE-Rex-Babar, is present 0.2% in the O_niloticus_UMD1 
assembly, but present at 0.6% in the equivalent M. zebra assembly for recent insertions with 0-
1% sequence divergence. Other TE super families show smaller increases in M. zebra as well. 
This indicates that M. zebra, and perhaps Lake Malawi cichlids in general, have experienced 
more recent TE expansion than the riverine counter-part, O. niloticus. 
Overall, the amount of TEs assembled has increased from the original Illumina-only 
based M. zebra assembly(158), to the moderate PacBio coverage gap-filled M_zebra_UMD1 
assembly (84), and now with the M_zebra_UMD2 assembly.  Appendix I provides a comparison 
of the repeat landscape for each of these three M. zebra assemblies. The overall number of TEs 
and particularly, the most recently inserted TEs are better represented as the assemblies improve. 
The African Cichlid-specific AFC-SINEs and AFC-LINEs (162), have been assembled in greater 
length as well. For example, the “L1-1_AFC” LINE was assembled into 2,874 copies (across 
1.29Mbp) in the original M_zebra_v0 assembly, 1,350 copies (across 1.66Mbp) in the 








4.3.9 Genome completeness 
Benchmarking Universal Single-Copy Orthologs (BUSCO) (92,163) was used to assess 
the completeness of the new M. zebra genome assembly. 2,586 complete vertebrate BUSCOs 
were searched and 2,465 (95.3%) complete BUSCOs were found, 71 of which duplicated (2.7%) 
and 2,394 that were single-copy. Only 39 (1.5%) BUSCOs were reported as missing and 82 





4.4.1 Anchoring to produce chromosome-scale assemblies 
The genetic maps and whole genome alignment comparison to the O. niloticus assembly were 
very useful in identifying large and mostly inter-chromosomal misassemblies in the new M. 
zebra assembly. A 40kb Illumina jumping library was also used in this process to determine if 
disagreements between the maps and the assembly were true misassemblies, errors in the maps, 
or structural differences between samples. It is likely that several misassemblies still remain in 
the final M_zebra_UMD2 anchoring. However, these potential misassemblies are probably only 
present on smaller contigs where there were not enough markers to detect misassembly events. 
An anchoring analysis that combined the anchored assemblies from all four maps resulted in a 
slightly more anchored assembly (833Mbp total compared to 760Mbp for M_zebra_UMD2). 
However, the ordering of contigs in this combined anchored assembly was far less accurate 
(when aligned to O. niloticus) and so it was not used. However, if the four maps were able to 






misassemblies. There was only a single contig longer than 1Mbp (“000254F”) that was not 
anchored by at least one map. Therefore, any possible remaining misassemblies are likely to 
occur on these smaller contigs.  
 
4.4.2 Patterns of continuity in genome assemblies 
The longest contigs tend to be anchored in the middle of LGs and in regions where there 
is greater recombination. The ends of LGs, typically in regions of lower recombination, tend to 
have smaller contigs. Perhaps the clearest example of this is on LG13 (Appendix D and 
Appendix F). On LG7, smaller contigs appear in the middle of the LG where there is also a 
reduction in recombination uncharacteristic of most other LGs.  Regions abundant with smaller 
contigs are likely the result of large repetitive regions that could not be assembled completely 
and caused a more fragmented assembly. These regions have likely accumulated large TE arrays, 
unable to be spanned by even the longest of the reads in our datasets. It is known that TEs 
accumulate in regions of suppressed recombination, but it is still unclear if this is due to relaxed 
ectopic recombination or a reduction in the efficacy of selection to remove these insertions (164). 
These regions abundant with smaller contigs also tend to have more structural rearrangements 
relative to O. niloticus. This pattern could also be caused by ambiguities in the maps due to there 
being fewer recombination events and therefore less map resolution in these regions. There are 
also fewer markers used to anchor smaller contigs that may also contribute to this pattern. 
Orthogonal mapping technologies, such as optical mapping, that do not rely on recombination 







4.4.3 Diploid assembly 
We present the new M. zebra assembly in both haploid and diploid representations. The majority 
of current genomics tools assume a haploid reference assembly and all subsequent analysis is 
based on the initial use of this haploid representation. The use of multiple diploid assemblies will 
be required to capture population level patterns of heterozygosity and complex structural 
variation. This genome assembly should be the beginning of a larger effort to properly represent 
cichlid genomes. A study of Arabidopsis thaliana and Vitis vinifera (Cabernet Sauvignon) 
showed that a phased diploid assembly produced by FALCON-unzip improved identification of 
haplotype structure and heterozygous structural variation (165). Sequencing and assembly of F1 
in cattle has also been shown to recover these complex regions better and may be the way 
forward for assembly of diploid genomes (166).  Additional diploid long-read assemblies will be 
able to better describe the variation particularly in regions of complex variation where current 
long read assemblies are beginning to span such regions (167). Moving beyond a haploid 
reference has begun and the advantage of using graph genome representations (168,169) has 
been shown to improve variant calling in these complex regions such as the human leukocyte 
antigen (HLA) (170), major histocompatibility complex (MHC) (171) and centromeres (172).  
 
4.4.4 Patterns of recombination in O. niloticus 
Several patterns are evident in the recombination maps for O. niloticus.  First, the level of 
recombination in females is generally higher than in males.  The total female map length is 1,641 
cM, while the male map is only 1,321 cM. The sex differences in recombination rate are smaller 
than observed in salmonids (173,174), and the pattern of recombination is generally similar in 






sigmoidal, with relatively little recombination over about 5Mb at each end of the chromosome. 
The highest levels of recombination are found in the middle of each chromosome. This pattern is 
exactly opposite the pattern observed in stickleback and catfish, where recombination is highest 
at the ends of the chromosomes (175,176). 
 These patterns of recombination have implications for the pattern of linkage 
disequilibrium along each chromosome.  Linkage disequilibrium will be more extensive in 
regions of low recombination near the ends of each chromosome. Regions of high linkage 
disequilibrium are likely to accumulate repetitive elements. Regions of high linkage 
disequilibrium are also likely to experience episodes of genetic hitchhiking, which will alter the 
pattern of genetic variation across the genome. The pattern of linkage disequilibrium also has 
implications for the probability of fixation of adaptive variants and may affect the probability 
that a given chromosomal segment can evolve into a new sex chromosome. The patterns of 
recombination and LD should be carefully considered when interpreting results from genome-
wide association studies. 
 
4.4.5 Patterns of recombination in Lake Malawi cichlids 
The four genetic maps of Lake Malawi cichlids show the same general pattern of recombination 
as O. niloticus. Again, the pattern of recombination on most Lake Malawi LGs is characterized 
by low recombination at the ends of the LGs and high recombination in the middle of the LGs.  
Several exceptions all indicate intra-chromosomal rearrangements among the Lake Malawi 
species, or between the Malawi species and O. niloticus. 
Perhaps the most striking difference between these four maps is a large (~19Mbp) 






mbenjii x A. koningsi and M. mbenjii x A. baenschi maps (Appendix F). The M. zebra x M. 
mbenjii map does not contain this putative inversion and shows the normal recombination pattern 
across LG11. It is possible that this large region of no recombination is associated with a sex-
determination region on LG11 in Aulonocara. The L. fuelleborni x Tropheops ‘red cheek’ cross 
appears to show a different structural arrangement on LG11 but shows no evidence of suppressed 
recombination. There also appears to be a large inversion on LG20 in Aulonocara. Both of the 
Aulonocara maps show highly reduced recombination across a 15Mb region of this chromosome 
(Appendix D).  
All four crosses showed a reduction in recombination for the first ~15Mbp on LG2 
(Appendix F) that corresponds exactly with a structural rearrangement relative to O. niloticus 
(Appendix D). There is no such reduction in recombination on LG2 in O. niloticus (Appendix 
G). 
Recombination is also reduced in the middle of M. zebra LG7, centered at ~32Mbp, that 
is not associated with the centromere (located at 61Mbp). It should also be noted that there is a 
single marker in this region that appears out of order in the M. zebra x M. mbenjii map, perhaps 
indicating a structural difference relative to O. niloticus (Appendix D and Appendix F). This 
region is near a previously identified sex determination locus on LG7 (177).  
 
4.4.6 Patterns of recombination on sex chromosomes 
Sex chromosomes typically accumulate inversions that reduce recombination between the sex 
determining gene and linked sexually antagonistic alleles (178). In the strain of O. niloticus 
studied here, sex is determined by an XY locus on LG23 (Li et al. 2015), and we observed 






niloticus LG23 (Appendix G). We also observed significant differences in recombination 
between the sexes on LG7, LG11, LG14 and LG15. An XY sex locus has been identified on 
LG14 in O. mossambicus (Gammerdinger, in submission), and XY sex loci have been identified 
on LG7 (25) and LG11(unpublished) in Lake Malawi cichlids. The current sex-specific patterns 
of recombination in O. niloticus might represent more ancient sex chromosomes, or these 
particular chromosomes might be predisposed to become sex chromosomes because of inherent 
sex-specific differences in recombination. 
 The new anchoring provides the most complete assembly to date of LG3, the largest 
chromosome in the karyotype. This chromosome carries a ZW sex locus in several species of 
Oreochromis (29,179). The first 30 Mbp of LG3 shows a standard rate and pattern of 
recombination. However, the remaining 60Mbp exhibits almost no recombination in either males 
or females. This region of highly reduced recombination contains the ZW sex locus, and a very 
high density of repetitive elements. It is not clear whether the low recombination rates in this 
region are a consequence of the ZW sex locus, or whether an inherently low rate of 
recombination predisposed this region to become a sex chromosome. 
 
4.4.7 Conservation of ancient synteny 
Synteny is remarkably conserved among even distantly related teleosts (150,180). Medaka show 
few inter-chromosomal rearrangements since shortly after the fish-specific whole genome 
duplication more than 300 MY ago (146). Our whole genome alignment of tilapia to medaka 
supports the previously reported findings that the syntenic organization of teleost genomes is 
largely stable. The ancestral teleost chromosome number was 24, and contraction of diploid 






(150). In cichlids, where the most common chromosome number is 22 (24), we find evidence for 
two large fusion events on LG7 and LG23 and additional translocations on LG15 and LG17. 
Cichlid LG7 corresponds to a fusion of medaka chromosomes 6 and 12, while cichlid LG23 is a 
fusion of medaka chromosomes 2 and 4. Clearly, the variation in diploid number observed in 
other cichlid species implies there have been additional more inter-chromosomal rearrangements, 
but we predict these will be simple fission/fusion events and not the result of homogenization of 
these ancient syntenic relationships.  
 The patterns of recombination across these particular LGs provide additional evidence of 
fusion and translocation events (Appendix F and Appendix G). There are large deviations from 
the slope of the recombination curves located precisely where we suggest that these fusion and 
translocation events have occurred. This also suggests that the pattern of recombination evolves 
slowly, as these oddly shaped recombination patterns have persisted for at least ~15 million 
years since the divergence of the common ancestor of O. niloticus and the Lake Malawi species. 
Interestingly, the odd pattern of recombination on LG3 does not seem to be the result of a 
chromosome fusion event. This lends support to the hypothesis that LG3 has been accumulating 
repetitive sequences after it became a sex chromosome. 
There are many examples of large-scale (>2Mbp) intra-chromosomal rearrangements 
between O. niloticus and Lake Malawi cichlids, as well as rearrangements evident between the 
Lake Malawi species. In some cases, the anchoring of the M. zebra assembly using each map 
showed the same large structural rearrangement relative to O. niloticus for each map (see LG2, 
LG19, LG20 in Appendix D). This suggests that these rearrangements happened prior to the 
Lake Malawi radiation. In other cases, there are large structural differences relative to O. 






suggests that these rearrangements occurred during the radiation in Lake Malawi. For example, 
on LG11, the M. zebra x M. mbenjii map is mostly collinear with O. niloticus, the other three 
maps show a large rearrangement. The other three maps also show some differences in the order 
of this rearrangement. LG9 of M. zebra was particularly difficult to anchor with the M. mbenjii x 
A. koningsi map (Table 4.3). We believe this may indicate a hybrid incompatibility locus on LG9 
in this cross. Additional work is needed to better define the structure of these chromosomes in 
each lineage.  
 
4.4.8 Evolution of centromere position and sequence 
Long-read sequencing has made it possible to assemble centromere repeats 
(167,181,182). A recent study of centromere evolution in medaka provides an example of the 
role of centromere evolution in speciation (149). The study showed that the centromere position 
of a certain set of medaka chromosomes has remained unchanged in both acro-centric and non-
acro-centric chromosomes. In other chromosomes, the position of centromeres did change and 
involve chromosomes that have undergone other major structural rearrangements. Alignment of 
the O_niloticus_UMD_NMBU assembly to these new medaka assemblies showed that this 
pattern was not the same in cichlids where different chromosomes have remained relatively static 
and others have evolved more structural changes. Additionally, the medaka study showed that 
centromere sequence repeats were more conserved in the chromosomes that remained acro-
centric than in chromosomes that switched between acro- and non-acro-centric or that were non-
acro-centric. Assembly and placement of cichlid centromere repeats in multiple species will 
allow for both refining previous karyotype studies in the context of whole genome assembly 






centromere sequence/rate of evolution between non-acro-centric and acro-centric chromosomes? 
Are these differences great enough to create meiotic incompatibilities in hybrids? Are the 
positions of centromeres conserved across man species? This study provides a starting point to 
begin to answer these questions.  
 
4.4.9 Evolutionary patterns of African cichlid chromosomes via karyotyping and genome 
assembly 
The karyotypes of O. niloticus and M. zebra in Figure 4.1 show that there have been at 
least 5 or 6 changes from subtelo-acrocentric to meta-submetacentric chromosomes. The clearest 
example of this in the new genome assemblies is the 15Mbp rearrangement on LG23 (Figure 
4.2). Additionally, three similar centromere location changes have happened on LG3, LG4 and 
LG16 (Appendix D). We were able to identify centromere-containing repeats on both the M. 
zebra and O. niloticus assemblies in just over half of the LGs (LG3, LG4, LG5, LG7, LG8, LG9, 
LG11, LG13, LG14, LG16, LG17, LG19, LG23). The ONSATA and TZSAT satellite sequences 
(99) have not explicitly been shown as the centromeric binding sequences, but rather highly 
associated in the centromeres via in situ staining (98). It is possible that these ONSATA and 
TZSAT repeat sequences may be present in other portions of the chromosome, or that some of 
them have been assembled incorrectly. Indeed, there are several LGs where the ONSATA and 
TZSAT repeats were identified in multiple distant locations along the chromosome in one or 
both assemblies (LG6, LG16, LG17, LG19). On LG6 a centromere was not identified in the M. 
zebra assembly, but it does appear to have undergone a centromere location change.  
Two of the LGs where we have identified karyotype changes, have also been shown to 






determination region in O. niloticus on LG23 (82). On LG3, a WZ sex determination region has 
been previously identified (179) and characterized (29) and reanalyzed on the 
O_niloticus_UMD_NMBU assembly (Appendix E).  There is a very wide region of sex-
patterned differentiation from LG3 at ~40Mbp to 85Mbp. This same region corresponds with the 
low recombination in male and female O. niloticus. The largest LG in the O. niloticus karyotype 
is LG3, although LG7 is the largest M. zebra chromosome. The assembled and anchored LGs 
support these karyotypes (Figure 4.1, Table 4.3 and Table 4.1). We suggest that LG3 has 
expanded from the ancestral state in the O. niloticus lineage, by accumulation of a large amount 
of TEs and segmental duplications and is likely involved in the sex determination region on O. 
niloticus LG3 (29). It is difficult to determine if this apparent runaway elongation of LG3 in O. 
niloticus is due to the sex-determination locus or if recombination was suppressed first due to 
some other process. Additional genome-assemblies of similar quality in related Oreochromis 
species that also harbor the LG3 sex-determination system should allow for further refinement of 
the evolutionary history of this large tilapia sex chromosome.  
Similar to LG3, there is a large (~28Mbp) region of greatly reduced recombination on 
LG23 in each of the four Lake Malawi maps as well as the O. niloticus map. LG23 is also the 
second largest anchored LG in the M. zebra assembly and third largest LG in the O. niloticus 
assembly. It is possible that this arm of LG23 is accumulating TEs similar to LG3. There is an 
XY sex determination locus on LG23 (78,82) which may be driving or contributing to the 
expanding effect that is seen. However, while LG23 has been shown to be a sex determination 
chromosome in O. niloticus, LG23 has not been shown to harbor a sex locus in Lake Malawi. 
Three scenarios may explain these observations: 1) That LG23 is an older sex chromosome still 






Malawi cichlids; 2) That there is a LG23 sex determination locus sorting in Lake Malawi that has 
yet to be identified and described; 3) The recombination pattern on LG23 is not necessarily 
involved in the sex determination pattern on LG23 and has been maintained for some other 
unknown reason in both lineages.  
Many LGs have shown extensive rearrangement, but it should also be noted that several 
LGs have undergone very little change since the divergence of M. zebra and O. niloticus. Other 
than relatively small structural changes at the ends of LGs, conserved synteny seems to have 
been maintained across the entire length of LG13, LG14, LG17 and LG18. It is possible that 
selective pressures have acted to maintain the synteny of these LGs or that synteny has been 
maintained by chance. Since 20% of the M. zebra and 10% of the O. niloticus genome 
assemblies remain unanchored, future studies may provide additional structural insights. For 
example, LG9 in M. zebra remains under-anchored. Future in situ studies should confirm these 
results in O. niloticus and M. zebra. Moreover, our work will greatly inform more fine-scale 
cytogenetic studies to be performed by providing many starting points for intra-chromosomal 
differences in cichlids to be studied.  
 
4.4.10 Recent transposable element expansion in M. zebra 
Recent evidence has shown that cis-regulatory AFC-SINE insertions are highly associated with 
innovative cichlid phenotypes such as egg-spots (154) and a deletion that may be TE-mediated 
responsible for controlling the expression of SWS2A opsin (155). It is likely that other AFC-
specific and other TE-mediated mutations have also contributed to the diverse phenotypes of 
African cichlids. Therefore, it is important that these TE insertion events are well represented in 






 Figure 4.6 shows a comparison of the repeat landscapes for M. zebra and O. niloticus 
assemblies. M. zebra has a higher amount of recent TE insertions (sequence divergence < 2%) 
than O. niloticus. Since the O. niloticus assembly is 43.4Mbp longer than the M. zebra assembly, 
it is possible that the difference in recent TE insertions is even greater than what we see. Each 
new version of the M. zebra genome assembly has improved upon the AFC-specific and TE 
super families in general. 
 We present this finding with several caveats. It is possible that the two species have 
divergent patterns of insertions across the genome. We suggested O. niloticus contains larger 
clusters of repeat arrays that are experiencing recent insertions (29). These arrays do not seem to 
be present in the M. zebra genome. It is possible that many of the recent TE insertions in O. 
niloticus were not assembled and remain hidden in these large arrays. DNA of the two samples 
were extracted and sequenced at different times and the M. zebra dataset included 16.5X 
coverage using a different PacBio chemistry (P5-C3). Other unknown technical factors may also 
have contributed to the difference that we have described. It is also possible that O. niloticus may 
have a different but active TE superfamily that is too long to be assembled with our current read 
lengths. Future comparisons of additional samples and species assembled using the same 
sequencing coverage and assembly software/parameters will be useful in more accurately 










4.5 Potential implications 
This study highlights evolutionary insight that can be gained using a comparison of high-
quality chromosome-scale genome assemblies, genetic recombination maps and cytogenetics 
across multiple related and, in this case, rapidly evolving species. It further illustrates the 
necessity of high-quality, chromosome scale genome assemblies for answering many basic 
biologically relevant questions. The study will serve as a unique example of the structural 
changes that have happened in the genomes of rapidly evolving clade and should prove 
interesting to compare to other radiations in the tree of life, both large and small. This study 
provides a wide-angle view of the African cichlid genome history by demonstrating how these 
high-quality resources can be used for many different types of evolutionary genomic analyses 
going forward. As additional high-quality cichlid genomes are generated, this study provides the 
groundwork for comparisons of structural, recombination, cytogenetic and repetitive sequences 
across the cichlid phylogeny. Many new questions have been generated here. How do the 
structural changes of African cichlid genomes compare to other groups? Is the pattern of few 
inter-chromosomal, but many intra-chromosomal differences seen here in Lake Malawi cichlids 
similar in additional Malawi genera as well as other radiations in Lake Tanganyika and Lake 
Victoria? Are these patterns of recombination observed across the majority of cichlids? Are any 
deviations from these typical recombination patterns related to specific phenotypic patterns and 
sex chromosome history and how have they evolved structurally? We look forward to the 








4.6.1 O. niloticus SNP array map, misassembly detection and new anchoring 
Offspring (n=689) and parents from 41 full-sib families belonging to the 20th, 24th and 
25th generations of the GST® strain were analyzed using a custom 57K SNP Axiom® Nile 
Tilapia Genotyping Array (in preparation). SNPs classified as “PolyHighRes” or “No-
MinorHom” by Axiom Analysis Suite (Affymetrix, Santa Clara, USA), and having a minor-
allele frequency ≥ 0.05, and call rate ≥ 0.85 were used in genetic map construction (n= 40,548). 
Lep-MAP2 (183) was used to order these SNPs into linkage groups in a stepwise process 
beginning with SNPs being assigned to linkage groups using the ‘SeparateChromosomes’ 
command. LOD thresholds were adjusted until 22 linkage groups, which correspond with the O. 
niloticus karyotype. Unassigned SNPs were subsequently added to linkage groups using the 
‘JoinSingles’ command and a more relaxed LOD threshold, and ordered within each linkage 
group using the ‘OrderMarkers’ command.  
Sequence flanking each SNP (2 x 35nt) was used to precisely position 40,190 SNPs to the 
O_niloticus_UMD1 assembly (MKQE00000000) and thereby integrate the linkage and physical 
maps. This revealed 22 additional contig misassemblies (i.e. contigs containing SNPs from 
different LGs) that were not detected in the original anchoring for O_niloticus_UMD1. These 
contigs that were subsequently broken. Linkage information was subsequently used to order and 
orientate contigs and build sequences for 22 Nile tilapia LGs in the new 








4.6.2 PacBio Sequencing of M. zebra 
The previous version of the M. zebra assembly, M_zebra_UMD1 (84), included 16.5X PacBio 
sequencing (25 SMRT cells using the P5-C3 chemistry) on an PacBio RS II machine (84). An 
additional library was prepared using the same Qiagen MagAttract HMW DNA extraction and 
Blue Pippin pulse-field gel electrophoresis size selection that was previously sequenced. An 
additional 60 SMRT cells (using the P6-C4 chemistry) were sequenced on the same PacBio RS 
II at the University of Maryland Genomics Resource Center as the previous 16.5X P5-C3 data.  
These P6-C4 SMRT cells comprised 50X coverage to bring combined total to ~65X coverage. 
 
4.6.3 M. zebra diploid genome assembly 
The 65X PacBio reads were assembled using FALCON-integrate/FALCON_unzip (version 
0.4.0) (86). The following parameters were used for the ‘fc_run.py’ assembly step: 
 length_cutoff = 9000 
 length_cutoff_pr = 9000 
 pa_HPCdaligner_option =  -v -dal128 -H10000 -M60 -t16 -e.70 -l2000 -s100 -k14 -h480 
-w8 
 ovlp_HPCdaligner_option = -v -dal128 -H10000 -M60 -t32 -h1024 -e.96 -l1000 -s100 -
k24  
 falcon_sense_option = --output_multi --min_idt 0.70 --min_cov 4  --max_n_read 350 --
n_core 5 








This was followed by the unzip step (‘fc_unzip.py’) and quiver polishing of the diploid assembly 
with the ‘fc_quiver.py’ assembly step. 
 
4.6.4 Polishing of the M. zebra diploid genome assembly 
The diploid assembly described above includes a PacBio polishing (quiver) step. However, there 
were also Illumina reads available to for M. zebra from the first version of the assembly (5).  
Trimming and filtering of the raw M. zebra Illumina reads are described for the previous version 
of the assembly (84). The trimmed and filtered fragment library corresponded to 30.1X coverage 
and the trimmed and filtered 2-3kb library corresponded to 32.6X coverage for a total of 62.7X 
Illumina coverage.  These Illumina reads were aligned to the diploid assembly with BWA mem 
(122) (version 0.7.12-r1044). Pilon (119) (version 1.22) was run supplying the fragment library 
with the ‘--frags' option, the 2-3kb library with the ‘--jumps' option and the following options: ‘--
diploid --fix bases --mindepth 10 --minmq 1 --minqual 1 --nostrays'. 
This intermediate, Illumina-polished assembly was then polished again with the PacBio 
reads using SMRT-Analysis (68) (version 2.3.0.140936) using the 65X raw PacBio reads. First, 
each SMRT cell was separately aligned to the intermediate polished assembly using pbalign 
(version 0.2.0.138342) with the ‘--forQuiver' flag. Next, cmph5tools.py (version 0.8.0) was used 
to merge and sort (with the ‘--deep’ flag) the pbalign .h5 output files for each SMRT cell. 
Finally, Quiver (GenomicConsensus version 0.9.2 and ConsensusCore version 0.8.8) was run on 







4.6.5 Detecting misassemblies in M. zebra 
To detect misassemblies present in the intermediate polished assemble, several datasets were 
analyzed and compared. This included four genetic maps: A genetic map with 834 markers 
generated from RAD genotyping of 160 F2 individuals from a cross of M. zebra and M. mbenjii 
(66); a genetic map with 946 markers generated from RAD genotyping of 262 F2 individuals 
from a cross of Labeotropheus fuelleborni and Tropheops ‘red cheek’ (157); a genetic map of 
2,553 markers generated from RAD genotyping of 331 F2 individuals from a cross of M. mbenjii 
and Aulonocara koningsi (cross and map construction details in separate Methods section); a 
genetic map of 1,217 markers generated from RAD genotyping of 161 F2 individuals from a 
cross of M. mbenjii and A. baenschi (cross and map construction details in separate Methods 
section). 
 The markers for each of the four maps were aligned to the intermediate polished 
assembly using BWA mem (122) (version 0.7.12-r1044) and a separate SAM file was generated. 
Chromonomer (124) (version 1.05) was run for each map using these respective SAM files and 
map information as input. Chromonomer detected contigs in the intermediate assembly that were 
mapped to multiple linkage groups.  
 To narrow the location of these identified misassemblies, the Illumina 40kb mate-pair 
library from the first M. zebra assembly (5) was aligned to the intermediate assembly.  The raw 
PacBio reads were aligned using BLASR (54) (version 1.3.1.127046) with the following 
parameters: ‘-minMatch 8 -minPctI- dentity 70 -bestn 1 -nCandidates 10 -maxScore -500 -nproc 
40 -noSplitSubreads –sam’. Regions of abnormal coverage in the PacBio read alignments as well 
as abnormal clone coverage in the 40kb mate-pair were identified for most potential 






inspected using these alignments in IGV (123).  Additionally, RefSeq (93) (release 76) M. zebra 
transcripts were aligned to the intermediate assembly using GMAP (55) (version 2015-07-23) 
and RepeatMasker (65) repeat annotations were considered when defining the exact location of a 
misassembly break. 
 One additional misassembly was identified during the comparison of linkage maps (next 
section) and was subsequently broken using the same process as above. 
 
4.6.6 M. zebra assembly anchoring 
The same four genetics maps used above for misassembly detection were also used for anchoring 
the assembly contigs (after breaking) into the final set of linkage groups. Chromonomer (124) 
(version 1.05) was run on each of these four genetic maps to anchor the polished and 
misassembly corrected contigs. BWA mem (version 0.7.12-r1044) was used to create the input 
SAM file by aligning respective map marker sequences to these contigs. Gaps of 100bp were 
placed between anchored contigs. The final M_zebra_UMD2 anchoring was generated by 
anchoring LG9 and LG11 with the M. zebra and M. mbenjii map (66), LG20 with the M. mbenjii 
and A. baenschi map and the remaining 19 LGs with the M. mbenjii and A. koningsi map. To 
accomplish this anchoring, the markers for each of those respective maps and LGs were used 
with Chromonomer as described above.  
 
4.6.7 M. zebra repeat annotation 
RepeatModeler (64) (version open-1.0.8) was first used to identify and classify de novo repeat 
families present in the final anchored assembly. These de novo repeats were combined with the 






on the final anchored assembly using NCBI BLAST+ (version 2.3.0+) as the engine (‘-e ncbi’) 
and specifying the combined repeat library (‘-lib’). The more sensitive slow search mode (‘-s’) 
was used. The repeat landscape was generated with the RepeatMasker 
‘calcDivergenceFromAlign.pl’ and ‘createRepeatLandscape.pl’ utility scripts. 
4.6.8 M. zebra BUSCO genome-completeness analysis 
BUSCO (version 3.0.2) was run on the M_zebra_UMD2 anchored assembly in the genome mode 
(-m geno) and compared against the vertebrate BUSCO set (‘vertebrata_odb9’).  
 
4.6.9 Whole genome alignment of M. zebra to O. niloticus 
The final anchored M_zebra_UMD2 assembly was aligned to the O_niloticus_UMD2 assembly 
using the ‘nucmer’ program of the MUMmer package (184) (version 3.1). The default nucmer 
parameters were used and the raw nucmer alignments were filtered using the ‘delta-filter’ 
program with the following options: ‘-o 50 -l 50 -1 -i 10 -u 10’. These filtered alignments were 
converted to a tab-delimited set of coordinates using the ‘show-coords’ program with the 
following options: ‘-I 10 -L 5000 -l -T -H'. This set of coordinates was then visualized using 
Ribbon (185). 
 
4.6.10 Whole genome alignment of M. zebra to medaka 
The HSOK medaka genome assembly version 2.2.4 was downloaded from 
http://utgenome.org/medaka_v2/#!Assembly.md and corresponds to NCBI accession 
(GCA_002234695.1). Similar to the M_zebra_UMD2 comparison, O_niloticus_UMD_NMBU 






to ‘-1 -l 50 -i 50 -u 50’ to account for the increased divergence between the two more distantly 
related species. The ‘show-coords’ settings were also adjusted to ‘-I 50 -L 50 -l -T -H’. 
Alignments were again viewed with Ribbon to identify putative chromosome fusion and 
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5.1 Abstract 
B chromosomes have proven an enigmatic genomic compartment present in some, but 
not all, individuals of a population and found across roughly 15% of eukaryotes. B chromosomes 
have long been characterized via cytogenetic methods. Recently, new information about B 
chromosome content and organization has been discovered through genome sequencing. B 
chromosomes have been identified in multiple cichlid species of Lake Malawi and Lake Victoria. 
In all of the Lake Malawi B chromosome carrying species, B chromosomes are found solely in 
females. However, in Lake Victoria, B chromosomes are also found in males, and are female 
limited in only one of 12 species previously studied. This study compares the B chromosomes of 
Lake Malawi and Lake Victoria cichlids using whole genome sequencing. We find several 
relatively short regions (totaling 149kb) of shared ancestry of the B chromosomes in the two 
lakes. A large amount of the B chromosome sequence is unique to the cichlids of each lake, 
which indicates very rapid evolution of B chromosomes. The rapid evolution of B chromosomes 
is further supported by a comparison of six species across three genera within Lake Malawi. 
Additional comparisons within and between the B chromosomes in the two lakes may suggest an 






sequencing and de novo assembly of a single female B chromosome shows the dynamic DNA 
sequence structure of the B chromosome for the first time. This de novo B chromosome 
assembly also revealed that the transposable element activity of this B chromosome differs 
greatly from the A genome. Several genes identified on the B chromosome are possible 
candidates for sex-determination and B chromosome drive functions.  
 
5.2 Background 
B chromosomes were first identified over 100 years ago in the insect genus Metapodius 
(33). B chromosomes are non-essential, supernumerary chromosomes that are present in addition 
to the normal (“A”) karyotype of an organism. B chromosomes can be regularly found in some, 
but not all, individuals of a given population. They are estimated to occur across 15% of all 
eukaryotes (34) covering a wide range of taxa from fungi to plants to animals, including 
mammals (35). B chromosomes have been well studied cytogenetically but are only recently 
beginning to be better understood at the genomic level (36).  Originally thought to contain 
mostly repetitive DNA sequence and to be completely heterochromatic, recent studies have 
begun to show that B chromosomes do indeed contain transcribed genic sequences (32,37). The 
role of B chromosomes as selfish genetic elements has been described in many taxonomic groups 
(186).   
B chromosomes are prevalent in African cichlids. In Lake Victoria, B chromosomes have 
been found in a subset of species and shown to play a functional role in sex determination in at 
least one population of cichlids, but not the majority of populations harboring B chromosomes 
(38). The same study also showed that the size of B chromosomes varies greatly even within the 






individual with zero B (0B) chromosomes of the Lake Victorian cichlid Astatotilapia 
latifasciata. We were able to characterize regions of the B chromosome (B “blocks”) that were 
homologous to sequences along the A chromosomes, which provided insights into the origin and 
evolution of that B chromosome (32). We also compared these B chromosome blocks to the 
Illumina-based genome assembly of the Lake Victorian, Pundamilia nyererei (158), and realized 
that the individual sample for this genome also carried similar B chromosome. This caused 
misassemblies in this P. nyererei assembly in the regions where the B chromosome was 
homologous with the A genome. This demonstrated that karyotyping is an important first step in 
eukaryotic genome projects, especially if B chromosomes are known to be present in closely 
related species. Additional analysis of the transcriptomes of this P. nyererei individual showed 
transcription of several genes from this B chromosome (32). Overall, the study described a B 
chromosome at the genomic sequence level for the first time, showed that most genes present on 
the B are fragmented, and that the genes that appear intact are transcriptionally active. We put 
forth a model of this B chromosome originating as a proto-B fragment from one autosome that 
expanded by the insertion of fragments from many chromosomes in the rest of the genome.  
B chromosomes have also been karyotyped and described in a species of Lake Malawi 
cichlid, Metriaclima lombardoi (39). Recently, we sequenced over 20 different populations of 
Lake Malawi cichlids and have identified B chromosomes present solely in female individuals of 
at least 7 populations, including the previously identified M. lombardoi (40). We found Lake 
Malawi B chromosomes to be present in 13% of females and 0% of males across 323 and 317 
samples, respectively.  
These previous studies of B chromosomes in Lake Victoria and Lake Malawi generated 






there a shared evolutionary origin of the B chromosomes in Lake Victoria and Lake Malawi? If 
two B chromosomes share the same origin, what genomic parts do the two distinct B 
chromosomes share and in what ways have the B chromosomes diverged? What mechanism 
restricts the Lake Malawi B chromosomes to female individuals? Are the evolutionary 
trajectories of B chromosomes in the two African Great Lakes similar? Do the B chromosomes 
in the two lakes contain similar active TE sequences contributing to their repetitive content? 
Does B chromosome structure in both lakes show similar or different patterns? Are there 
detectable gene fusion events? Are the patterns of genome structure and recombination in Lake 
Malawi cichlids associated with sequence content and divergence patterns on these B 
chromosomes? This study begins to answer many of these questions while also generating many 




5.3.1 Comparison of B chromosome blocks to the M_zebra_UMD2 reference 
A total of 2,528,172 PacBio reads totaling 20.97Gbp (~20X coverage) were obtained from an 
individual M. lombardoi female who had a B chromosome. These reads were aligned to the 
M_zebra_UMD2 assembly and scored for high coverage regions similar to our previously study 
(32) (see Methods). The total size of the B chromosome as estimated by this set of B blocks is 
16.9Mbp. This represents a conservative calling of B blocks and probably underestimates the 






 The distribution of B chromosome blocks across the genome can be seen in Table 5.1. 
There is a fairly even distribution of B chromosome content and this is similar to what was seen 
on the Lake Victorian A. latifasciata B chromosome (32). Appendix F provides plots of the 
distribution of B blocks along the lengths of each M_zebra_UMD2 LG. These plots also show 
that the distribution of B blocks is rather uniform and there does not appear to be a propensity of 
B content derived from any particular LG or LGs. Likewise, these plots show that there does not 
appear to be any discernable pattern associated with recombination or genome structure that was 
described in chapter 4.   
 
 
M_zebra_UMD2 LG B block span in 
M_zebra_UMD2 (bp) 
Average B block 
copy number per LG 
Total estimated 
size of B per LG 
LG1 31,500 4.32 136,050 
LG2 38,392 3.94 151,341 
LG3 73,900 3.58 264,429 
LG4 72,100 6.43 463,589 
LG5 30,500 8.99 274,086 
LG6 100,700 8.51 857,119 
LG7 60,800 8.26 502,444 
LG8 14,400 11.59 166,958 
LG9 194,300 8.41 1,634,780 
LG10 52,400 5.07 265,411 
LG11 93,600 8.17 764,726 
LG12 57,400 10.84 622,281 
LG13 65,600 8.27 542,206 
LG14 119,600 5.13 613,156 
LG15 52,700 4.68 246,617 
LG16 66,000 6.56 433,244 
LG17 104,500 3.51 366,432 
LG18 24,000 6.18 148,262 
LG19 59,600 7.10 423,064 
LG20 20,500 3.37 69,070 
LG22 57,800 3.99 230,347 







Table 5.1. Distribution and size of B blocks. 
 
There were two B chromosome blocks that showed highest copy number on lg7:14,298,900-
14,299,000 (~72 copies) and lg6:33,687,100-33,687,200 (~66 copies). On lg7 this B 
chromosome block includes a large portion of “inner centromere protein A” (LOC101482374), 
including the BED zinc finger DNA binding domain of this protein. The high copy B block on 
lg6 has a portion of an unannotated gene (LOC101463671) and a portion of the “catenin delta-1” 
gene (LOC101487010). The longest continuous Lake Malawi B block along the 
M_zebra_UMD2 assembly is a 172kb block on lg9: 15,993,700-16,165,800. This block contains 
“cadherin 18, type 2” (cdh18) and is near a region of high structural variation described in 
chapter 4 and again here (also see lg9 image in Appendix D). 
 
5.3.2 Conserved and dynamic content of the Lake Malawi B chromosome blocks in Lake Malawi 
To determine the extent of shared and variable regions of Lake Malawi B chromosomes, 
we re-sequenced 12 individual females from six species across three Malawi genera that were 
genotyped as having B chromosomes using our techniques described previously (40). Table 5.2 





















Species  Identifier  Coverage B block bp 
Metriaclima greshakei M_greshakei_2012_3493 14.7 9,664,979 
Labeotropheus trewavasae L_trewavasae_2005_1306 15.2 13,195,343 
Melanochromis auratus M_auratus_2008_1601 14.7 7,241,178 
Metriaclima zebra (Nkhata Bay) M_zebra_NkhBay_2012_5347 16.4 12,138,194 
Metriaclima zebra (Nkhata Bay) M_zebra_NkhBay_2012_5340 13.4 9,112,260 
Metriaclima mbenji M_mbenji_2012_3997 14.7 6,632,183 
Metriaclima lombardoi M_lombardoi_2014_1108 11.9 17,900,132 
Metriaclima lombardoi M_lombardoi_2014_1021 17.3 14,873,538 
Metriaclima lombardoi M_lombardoi_2014_1018 16.4 17,324,878 
Metriaclima zebra (Boadzulu island) M_zeb_boadzulu_2005_0986 12.6 10,283,813 
Metriaclima zebra (Boadzulu island) M_zeb_boadzulu_2005_0976 15.4 11,560,422 
Metriaclima zebra (Boadzulu island) M_zeb_boadzulu_2005_0983 14.9 10,533,188 
Table 5.2. Individual samples containing B chromosomes that were re-sequenced. 
 
B chromosome blocks for each of these individuals were computed and blocks that were present 
in every sample were considered the “core” content of the Lake Malawi B chromosome. The 
core content of the Lake Malawi B chromosome spans 1.28Mbp of A chromosome space in the 
M_zebra_UMD2 assembly.  
However, the B chromosome blocks vary considerably between individuals and species. 
B chromosome blocks that are not part of the core blocks, “variable blocks”, are typically limited 
to a single individual or a particular species. The total size of the Lake Malawi variable blocks 
was 64.3Mbp of A chromosome space across the M_zebra_UMD2 assembly. B chromosomes in 
Lake Malawi are composed of a core and conserved set of blocks derived from a common 
ancestor. Lake Malawi B chromosomes are also composed of a variable set of blocks that are 










5.3.3 History of African cichlid B chromosomes 
The same 0B and 2B Lake Victorian A. latifasciata samples from our previous study (32) were 
aligned to the M_zebra_UMD2 assembly and B blocks were called. Several regions were 
determined as shared B blocks in both Lake Victoria and Lake Malawi. A total of 149.7kbp is 
shared between the Lake Victoria 2B blocks and Lake Malawi core B blocks. Of note, the 
longest shared region between the two B chromosomes were two blocks on lg23 at 15.7Mbp that 
are 7.8kbp and 3.9kb in length. This region of lg23 is also at the exact breakpoint of the ancient 
cichlid fusion of this chromosome (Figure 4.5 depicts this in the O. niloticus assembly), and is 
discussed further below. An inspection of the Lake Malawi B chromosome-specific alleles in 
these regions revealed that they largely correspond with Lake Victorian alleles, but not 
necessarily Lake Victoria B-specific alleles (Figure 5.1). These Lake Victorian alleles present on 
the Lake Malawi B chromosome do not appear to be present in Lake Malawi samples without a 
B chromosome. An inspection of Lake Victorian specific B blocks does not show allele sharing 








Figure 5.1. Lake Malawi B chromosomes show shared alleles with Lake Victoria. Samples with B chromosomes in Lake Malawi 





























Phylogenetic trees of B and no B carrying samples from Lake Malawi and Lake Victoria 
as well as an outgroup Lake Tanganyika cichlid were constructed to further refine this initial 
finding of shared allelism. A phylogeny of the whole genome is shown in Figure 5.2. The 
samples cluster according to the species tree of African cichlids with the Lake Victorian A. 
latifasciata samples clustering together, the Lake Malawi B and no B samples clustering by 
species, and the Neolamprologus brichardi sample from Lake Tanganyika clustering as the 
outgroup. Several additional phylogenies were generated from subsets of the genome reference 
based on the presence of core, variable and shared B blocks. First, a phylogeny was generated 
only for regions where core Lake Malawi B chromosome blocks were called. This includes many 
regions where the Lake Malawi B chromosome shares alleles with Lake Victoria and the 
phylogenetic tree in Figure 5.3 depicts this pattern. Second, to test the opposite case, a phylogeny 
was generated only in regions where Lake Victorian B chromosome blocks were called. In this 
case, the Lake Victorian samples do not cluster with anything from Lake Malawi (Figure 5.4). 
Next, a phylogeny was generated only within the relatively short content of regions that were 
shared B blocks in both Lake Malawi and Lake Victoria (Figure 5.5). Figure 5.5 shares a very 
similar topology to Figure 5.3, meaning that the core Malawi B blocks and the B blocks shared 
with Lake Victoria have a shared history. Finally, a phylogeny was generated from the variable 









Figure 5.2 Whole genome phylogeny of Lake Malawi and Lake Victoria B and noB samples. 
Samples labeled in red indicate the presence of B chromosomes. Samples labeled black are 



































Figure 5.3 Phylogeny of 1.28Mbp “core” Lake Malawi B blocks regions. Samples labeled in red 
indicate the presence of B chromosomes. Samples labeled black are samples without B 

































Figure 5.4 Phylogeny of Lake Victoria B chromosome blocks regions. Samples labeled in red 
indicate the presence of B chromosomes. Samples labeled black are samples without B 



































Figure 5.5 Phylogeny of shared B blocks regions between Lake Malawi and Lake Victoria. 
Samples labeled in red indicate the presence of B chromosomes. Samples labeled black are 




































Figure 5.6 Phylogeny of regions corresponding to the variable B chromosome blocks in Lake 
Malawi. Samples labeled in red indicate the presence of B chromosomes. Samples labeled black 




These findings show a shared ancestry of the African cichlid B chromosome in Lake 
Victoria and Lake Malawi. One possible scenario is that an ancestral B chromosome evolved 
first in Lake Victoria and later spread to Lake Malawi via hybridization. Since that introduction 
into Lake Malawi, the B chromosomes in each lake have diverged significantly in overall content 
and at present day share only 149kb of A chromosome content. The 149kb of shared B 
chromosome blocks on lg9 (11.1kb) and lg23 (11.7kb) show strong allele sharing as do several 
of the other longer blocks (contig 000028F, 8.3kb). There are several other smaller blocks that 































in these regions. Another possible scenario is that the ancestral cichlid B chromosome arose in 
the riverine species outside of Lake Victoria and Lake Malawi and colonized each lake 
separately. A strongly driving B chromosome could pass through species boundaries relatively 
easily, similar to the P-element in Drosophila (187,188). A less likely scenario is that the B 
chromosomes of Lake Malawi do not share a common origin and that the B block overlap and 
allele sharing is due by chance or produced by some process not related to B chromosomes that 
shows both high coverage sequence and sharing of alleles.   
  
5.3.4 Structure of the B chromosome 
An initial alignment of the B chromosome PacBio reads to the M_zebra_UMD2 reference 
revealed patterns of large structural differences on the B chromosome. An example of this can be 
seen in Figure 5.7. In this example there are portions of B chromosome specific reads that map to 











Figure 5.7. The top track shows that reads derived from the B chromosome match for part of LG7 (grey color) but have parts that 
match to other LGs (other colors, folded back). The bottom track shows alignment of the original M. zebra reads used to generate the 
genome assembly that have normal alignment (grey color).  
M. lombardoi
B chromosome PacBio reads






Our previous work has shown that much of the B chromosome is composed of sequence 
that is in multiple copies and that the B chromosome blocks derived from the A chromosomes 
have diverged rapidly (32,40). Given this fact, we decided to assemble the B chromosome 
PacBio reads even though it contains a mixture of both A and B chromosomes that can cause 
mis-assembly errors that we described in the original Pundamilia nyererei reference assembly 
(5,32). We isolated the B chromosome specific reads by adjusting our de novo assembly 
parameters to only assemble parts that were in much higher coverage than the 20X of our sample 
(see Methods). The resulting B chromosome de novo assembly produced by miniasm consists of 
650 contigs, is 22.8Mbp in total size with a contig N50 of 42.8kbp. Mapping these B 
chromosome contigs back to M_zebra_UMD2 agreed with our B chromosome block analysis 
described above. In other words, assembled B chromosome contigs aligned to the same regions 
as the B chromosome blocks identified by coverage.  
 
Several of the B chromosome contigs were long enough to explore the structure of by aligning to 
M_zebra_UMD2. Figure 5.8 shows an alignment of the longest B chromosome contig (684kb) to 
M_zebra_UMD2. This contig is primarily composed of parts of lg9, lg10, lg11, lg23, lg17, lg18, 
lg19, lg22, and lg23 (alignments longer than 5kb). ~183kb of this contig is composed of a long B 
chromosome block on lg9. This is the same lg9 block that was the longest B block identified. 
This suggests that this is one of the longest regions on the Lake Malawi B chromosome syntenic 












Figure 5.8. On top is the alignment of the longest B chromosome contig to 
M_zebra_UMD2. On bottom are coverage plots on the corresponding lg9 region for 
the B chromosome PacBio sample (max coverage shown = 269x) and no-B 
chromosome PacBio sample (max coverage shown = 89x). Below the coverage plot 
are B block calls for a subset of the samples listed in Table 5.2. 
 
5.3.5 Transposable element activity and repetitive sequences on the B chromosome 
45.98% of the B chromosome de novo assembly was annotated as repetitive in 
contrast to the M_zebra_UMD2 assembly which was only 33.95% repetitive. The 
repeat landscape on the B chromosome is provided in Figure 5.9. There is a lack of 
recent TE insertions (0-2% divergence) due to the fact that this B chromosome 
assembly was not polished and miniasm does not attempt to correct the raw PacBio 
reads. Divergence levels of 3-7% are associated with sequences still containing the 
raw PacBio error rates. The peak around 5% divergence likely represents recent TE 
insertion on the B chromosome. The B chromosome has a large amount of recent TE 
insertion. The Tc1-Mariner element is well represented, similar to the activity seen in 
the M_zebra_UMD2 assembly. However, LINE/L2, LTR/ERV1 and LTR/Gypsy are 
present in far greater amount and copies on the B chromosome compared to the 








Figure 5.9. Repeat landscape of transposable elements on the B chromosome.  
 
Six copies of the tandemly repeated telomere motif (TTAGGG) (189) were detected 
on the second longest contig (322kb) of the B chromosome assembly. This contig 
aligned to parts of many chromosomes (similar to the contig in Figure 5.8). However, 
the telomere repeat was annotated near a part of the contig that aligned to an 
unanchored contig in the M_zebra_UMD2 assembly. Therefore, it is difficult to 
identify where this telomere repeat may have derived from originally. There were no 
centromere specific repeats, ONSATA or TZSAT (99), annotated in the B 







5.4.1 Shared origin and divergent history of B chromosomes in African cichlids 
The results of this study show that the B chromosomes of Lake Victoria and 
Lake Malawi cichlids share a common origin and have diverged dramatically within 
each of the lakes. Comparison of B chromosome blocks in both lakes revealed that 
only 149kb of blocks are common between the B chromosomes in both lakes. Variant 
detection and phylogenetic analysis show that the core blocks on the Lake Malawi B, 
and the regions shared in both lakes, are of shared origin (Figure 5.3 and Figure 5.5). 
Counter to this result, a phylogeny of the Lake Victorian specific blocks showed no 
shared origin as each sample clustered according to the species tree (Figure 5.4). 
Additionally, a phylogeny of the variable B chromosome blocks in Lake Malawi also 
followed the species tree (Figure 5.6). This evidence lends support of a scenario 
where a B chromosome arose in Lake Victoria and was subsequently spread to Lake 
Malawi, where it then diverged greatly in both lakes. Another possible scenario may 
be that a B chromosome arose in riverine species and spread into Lake Victoria and 
Lake Malawi separately. One factor that may be affecting our current analysis is the 
amount of ancestral polymorphism sorting that has happened in the samples that we 
have examined. It may be difficult to determine if the alleles specific to the four Lake 
Victorian samples (and the Lake Malawi B chromosomes samples) are also present at 
low frequency in any non-B chromosome carrying fish in Lake Malawi. Whole 
genome sequencing of additional species from Lake Victoria (with and without B 






Malawi may provide additional evidence as to the amount of ancestral polymorphism 
that has sorted on these B chromosomes. It would also likely provide additional clues 
as to the origin and history of African cichlid B chromosomes. Another factor that 
might have affected our analysis is the slight possibility of gene conversion acting on 
B chromosomes. The process of gene conversion from the B with the A genome is 
unlikely as cytogenetic work has shown that most B chromosomes are not 
homologous to A chromosomes and therefore do not pair with A chromosomes (190). 
However, it is possible that a small proto-B chromosome may have paired with an A 
chromosome and gene conversion may have happened in either direction (from the A 
to the B or from the B to the A). Tracks of gene conversion (if gene conversion has 
happened or is happening) may explain some of the allele sharing that is seen, 
particularly on the shared blocks on lg23 and lg9. Gene conversion could be acting on 
this particularly odd portion of lg23 that is the site of an ancient chromosome fusion.   
 
5.4.2 B chromosome function and maintenance 
In addition to sequence content, the functions of B chromosomes in Lake 
Victoria and Lake Malawi have also diverged. B chromosomes are present in male 
and female fish of at least 12 of species in Lake Victoria cichlids  (32,38,98,191). In 
one of these species, Lithochromis rubripinnis, the B chromosome was shown to be 
female-specific and crosses showed that presence of this B chromosome led to a 
female-biased sex ratio of offspring (38). However, in Lake Malawi we have found B 






(40). We have not yet found a Lake Malawi male carrying a B chromosome, but it is 
possible that males in Lake Malawi do have B chromosomes at very low frequencies.  
It is unclear if the female-biased B chromosome was a function that evolved in an 
ancestral B chromosome and has continued functioning as such in Lake Malawi but 
has lost this function in most species in Lake Victoria. It is also possible that the 
female-biased function evolved independently twice, once in each lake and has not 
yet spread in Lake Victoria. One gene of interest found on the Lake Malawi B 
chromosome is a potential candidate gene for the sex-bias. A portion of the know 
medaka sex-determination gene, gsdf (192) (LOC101465072) on lg7, was present on 
the Lake Malawi B chromosome. It is possible that this gene is being expressed on 
the B chromosome, although there are no identifiable B-specific variants in this 
block. Long-read sequencing of B chromosome transcriptomes may help in learning 
more about the structure of this important candidate and other genes on the B. 
Likewise, sequencing of female-biased Lake Victorian L. rubripinnis individuals with 
and without B chromosomes and comparing to the Lake Malawi B chromosome 
genomes would likely help to answer questions about the gene(s) involved in B 
chromosome-induced female-bias and the history of how this important function has 
evolved in both lakes and B chromosomes.  
 It is interesting that one of the longest B chromosome blocks in Lake Malawi 
is also shared with B chromosome blocks in Lake Victoria on lg23. The annotated 
gene present within these shared B blocks does not suggest an immediate role for B 
chromosome maintenance and/or a drive mechanism. The shared B block on lg23 is 






cell to cell interactions and also plays a role in synapse function and synaptic signal 
transmission (193,194). It should also be noted that these shared blocks are fragments 
of these genes. It remains unclear if this portion of the B chromosome is being 
expressed and has a functional role.  
The location of the shared block on lg23 is precisely at the breakpoint of our 
previously identified ancient cichlid chromosome fusion (shown in Figure 4.5 for O. 
niloticus assembly). Since we know the history of this region, it may say something 
about the early history of the proto-B chromosome. A recent review argues that B 
chromosomes are likely to originate from genomic locations where there have been 
evolutionary breakpoints or regions that have a higher frequency of non-homologous 
recombination (195). It is possible that this region of lg23 may be prone to breaking 
and a small part of this region on lg23 could have potentially formed the proto-B 
chromosome that is still present and conserved in both Lake Victoria and Lake 
Malawi. This proto-B chromosome would have accumulated additional sequence 
from the A genome and perhaps other gene(s)/sequence(s) that altered the function(s) 
of the B chromosomes in each lake.  
There are several genes of interest identified on the core Lake Malawi B 
chromosome that may be important for the drive mechanism and maintenance of this 
B chromosome. Regulator of telomere elongation helicase 1, RTEL1 
(LOC101471057) appears to be present in multiple copies in both no-B and B-
carrying individuals (Appendix J). However, there are additional copies in the core B 
blocks that appear to have decayed, suggesting a pseudogenization event specific to 






that there are regions where Illumina reads do not align and which only PacBio reads 
can span. It is unclear if the duplicate copy(ies) of RTEL1 on the B chromosome 
is(are) still functioning. RTEL1 functions as a helicase with important telomere 
functions (196) that could play a major role on the B chromosome. A study in humans 
of individuals with an autosomal recessive mutation in RTEL1 showed patients had 
evidence of telomere dysfunction, shortened length, and extra-chromosomal circular 
telomeric DNA (197).  It is possible that the additional RTEL1 copy or pseudogene 
may be playing an important role during bouquet formation and attachment to the 
nuclear membrane during meiosis (198). The “non-structural maintenance of 
chromosome element 4” (nsmce4a or NSE4A) is another gene of interest on the Lake 
Malawi B. The NSE4A gene spans 5.7kb and a 15kb core B chromosome block 
entirely contains this gene, 4kb of its promotor, and 5.3kb of downstream sequence in 
all Lake Malawi B chromosomes. NSE4A plays an important role in meiosis by 
functioning in homologous recombination repair of double strand breaks and recovery 
of stalled replication forks (193,194). Impairments in the NSE family of proteins have 
been shown to lead to chromosome breakage disorders (199).  Finally, a 2.3kb- and 
4kb- core Lake Malawi B chromosome block on lg7 the encompasses the promotor 
and exons 1 and exons 3-11 (of 19 total) within the 12.2kb “Inner centromere protein 
antigens 135/155kDa” (INCENP) gene. One of the two functional domains of 
INCENP is retained in these core blocks. INCENP is important in regulation of 
mitosis and functions at the centromere for alignment and chromosome segregation 
(193,194). No centromere repeat was identified on the B chromosome. It is possible 






though unlikely, that the B chromosome centromere has diverged sufficiently that it 
was not detectable. 
5.4.3 B chromosome structure 
To our knowledge, this study is the first to produce and analyze a de novo B 
chromosome assembly via long read sequencing. The results of this de novo B 
chromosome assembly and alignment to the M_zebra_UMD2 genome reference 
revealed a very striking picture structure of the B chromosome organization. Figure 
5.8 provides an example of how parts of the A genome are spread throughout the 
contemporary B chromosome. In this example, the block is variable (not core) and 
present in some Metriaclima samples, but not others. The Labeotropheus trewavasae 
sample appears as it is being lost from the B chromosome. Seemingly every large B 
chromosome contig contains parts both large and small from various LGs along 
neighboring regions of the B chromosome similar to the depiction in Figure 5.8.  
The de novo B chromosome assembly that has been produced here is likely an 
under representation of the total B chromosome, since the total size was 22.8Mbp and 
the average M. zebra LG is 45.5Mbp. Karyotypes of M. lombardoi have shown this B 
chromosomes to be one of the three largest chromosomes (40) which would put it on 
the higher end of this average 45.5Mbp size. Likely missing from this B chromosome 
de novo assembly are B chromosome regions that are present in low copy, as the 
coverage settings would preclude most of these regions from being assembled.  
This view of the structure of the Lake Malawi B chromosome provides new 






but additional data is needed to determine exactly how this has happened. Flow 
sorting and longer read sequencing of B chromosomes may prove to be a useful 
technique to further refine the structure of these complex B chromosomes. 
5.4.4 Transposable element dynamics differ greatly between A and B genomes 
Transposable elements may also be playing a large role in shaping the structure of the 
B chromosome. TEs are abundant in many B chromosomes (32,36,190,200–203) and 
can play large roles in the structure of genomes (187,204–206), especially when 
selection against TE activity is relaxed, as is likely the case on B chromosomes. The 
overall amount of transposable element sequence annotated on our de novo B 
chromosome assembly was 12% higher than the M_zebra_UMD2 assembly. This 
likely represents an underestimate of the total amount of TEs on the B chromosome 
both due to lack of polishing as previously mentioned and since some TEs are likely 
not fully assembled due to the highly repetitive nature of the B chromosome. 
Nevertheless, the pattern of TE activity on the B chromosome is much different than 
the A genome. LINE/L2, LTR/ERV1 and LTR/Gypsy elements are present in much 
higher numbers on the B chromosome than on the A genome. These particular 
elements are probably active in Lake Malawi cichlids, but are able insert into the B 














5.5.1 DNA extraction and PacBio and Illumina Sequencing 
Female M. lombardoi individuals were genotyped using previously published 
markers to identify fish sith a B chromosome (40). A single female was then 
sacrificed to obtain a blood sample, using animal procedures that were conducted in 
accordance with University of Maryland IACUC Protocol #R-10-74. The Qiagen 
MagAttract HMW DNA kit was used to extract high-molecular weight DNA from 
nucleated blood cells from the sample. Size selection was performed at the University 
of Maryland Genomics Resource Center using a Blue Pippin pulse-field gel 
electrophoresis instrument. There, a library was also constructed and 9 SMRT cells 
were sequenced on their PacBio RS II using the P6-C4 chemistry. An additional 9 
SMRT cells were sequenced on their PacBio Sequel instrument. 
DNA from the female individuals listed in Table 5.2 were extracted from fin 
clips by phenol-chloroform extraction. DNA concentrations were measured via 
fluorescence spectroscopy and individual libraries were generated using the Illumina 
TruSeq DNA PCR-Free LT kit. Each library was then run on one lane of 101bp 
paired-end sequencing on an Illumina HiSeq 2000 at the University of Maryland 
IBBR genomics facility.  
 
5.5.2 Alignment of B chromosome reads and B block detection in the PacBio sample 
 PacBio B chromosome reads were aligned to the M_zebra_UMD2 assembly 






used to bin read coverage in 100bp bins. Bins with coverage higher than 50x (2.5 
times the mean coverage of the read set) were kept. Bedtools (209) version 2.26.0 
was run with the following command ‘bedtools merge -d 10000 -c 1 -o count -i’ to 
merge the high coverage bins.  
 
5.5.3 B block detection with Illumina data 
The Illumina reads for each sample listed in Table 5.2 were aligned with 
BWA mem (122) (version 0.7.12-r1044) to the M_zebra_UMD2 assembly. The 
samtools (114) utility, mpileup, was run to quantify Illumina read coverage across the 
genome at the base pair level. The ‘-A’ flag to ‘do not discard anomalous read pairs’ 
was turned on since many B chromosome reads map as anomalous read pairs. In 
order to compare coverage across samples, coverage at each bp was normalized by 
the average coverage across the genome for that sample, resulting in the “scaled 
coverage” value. Reads from B sequences that are still highly homologous to their A 
genome counter parts were expected to align to the A genome, resulting in higher 
coverage proportional to the number of copies of that sequence on both the A and B 
chromosomes. To identify these regions of higher coverage, the scaled coverage of B 
samples was compared to the scaled coverage of NoB samples, resulting in a ratio of 
scaled coverages, or the scaled coverage ratio (SCR) value. Base pairs with a SCR of 
3 or higher (meaning the scaled coverage was 4+ times higher in the B sample than 
the NoB sample) were identified as possible B sequence and provided to bedtools 
merge in order to identify consecutive regions of high SCR. The bedtools version 






300 bp of each other, resulting in regions of sequence identified as B blocks as 
opposed to individual bp. These blocks were further refined by removing any block 
with less than 10% of its bp meeting the SCR threshold value or any block less than 
500 bp in length. This refinement is intended to eliminate regions misidentified as B 
block sequence due to variable Illumina coverage. In addition to the identification of 
B blocks in each B individual sample, blocks shared across B samples were also 
identified. The B blocks BED files were consecutively fed to the bedtools ‘intersect’ 
command to identify regions shared in at least 12 of the 13 B samples. These shared 
regions are referred to as the Lake Malawi “core” blocks. Likewise, the bedtools 
‘intersect’ command was used to identify regions shared between Lake Malawi and 
Lake Victoria blocks.  
 
5.5.4 Variant calling and phylogenetic analysis of Illumina samples 
 The Picard version 2.1.0 (115) ‘SortSam’, ‘MarkDuplicates’, and 
‘BuildBamIndex’ programs were run on each subsequent SAM file produced by 
BWA. The Lake Tanganyika Neolamprologus brichardi NCBI SRA run 
‘SRR077327’ was aligned and processed the same way as the samples listed above 
and is used as an outgroup for the phylogenetic analysis. Variants across the entire 
genome were called using FreeBayes (120) (version v1.0.2-33-gdbb6160-dirty). 
VCFtools version 0.1.13 (121) was used to merge each of these VCF files into a 
single VCF file. For the whole genome phylogeny, a neighbor-joining tree was 
generated on this VCF file using the VCF-kit ‘phylo tree nj’ version 0.1.6 (210). To 






‘intersect’ command was used to extract variants of the B block regions from the 
whole genome VCF file. Again, VCF-kit ‘phylo tree nj’ was run on this subset of 
variants to generate the phylogeny of Lake Malawi B block regions.  
 
5.5.5 De novo assembly of a B chromosome 
The B chromosome PacBio reads were assembled with minimap and miniasm (211). 
First, minimap version 0.2-r123 was run with the following parameters on the 
FASTA file of PacBio reads: ‘minimap -w5 -L1000 -m70 -f 0.00001 -c 6 -g 500 -t40 -
I6G’. These approximate read mappings were then assembled with miniasm version 
0.2-r128 with the following parameters: ‘miniasm -m 400 -s 3000 -c 10 -e 10 -h 500’. 
The resulting gfa output assembly graph was converted to FASTA with a simple awk 
command (awk '/^S/{print ">"$2"\n"$3}'). The assembled B chromosome contigs 
were confirmed by comparison to the called B chromosome blocks by alignment of 
the contigs to the M_zebra_UMD2 assembly using ‘nucmer’ program of the 
MUMmer package (184) (version 4.0.0beta2). This allowed for refinement of the 
final assembly parameters used about as confirmation that the B blocks were indeed 
the only portion being assembled. This also allowed for visual inspection of the 
structure of the B chromosome.  
 
5.5.6 Repeat annotation of the de novo B chromosome assembly 
 To identify and classify repeats on the B chromosome contigs produced by 
miniasm (above), we again used RepeatModeler (64) (version open-1.0.8). These de 






RepeatMasker libraries (129). RepeatMasker (65) (version open-4.0.5) was run on the 
contigs using NCBI BLAST+ (version 2.3.0+) as the engine (‘-e ncbi’) and 
specifying the combined repeat library (‘-lib’). The more sensitive slow search mode 
(‘-s’) was used. The repeat landscape was generated with the RepeatMasker 









 Chapter 6:  Conclusions and future directions 
 
This work provides chromosome-scale, high-quality genomic resources for 
the cichlid and genomics communities while integrating a variety of datasets to 
achieve these end products. Through this process, we were able to understand many 
unique characteristics of the genomes of the diverse African cichlids. Aspects of 
African cichlid genomes such as the large structural changes, sex chromosome 
evolution, patterns of recombination across chromosomes, ancient chromosome 
fusion events, variation in transposable element activity, and the role of B 
chromosomes all provide a rich context to the genome assemblies that have been 
produced.  
These genome assemblies are a significant step forward in terms of 
completeness and accuracy, but remain incomplete as do most other vertebrate 
genomes, including the human genome. While this work demonstrates the ability to 
assemble large recently duplicated genes and regions, we know that others remain 
poorly assembled. For example, the duplication of the 417kb “CUB and Sushi 
multiple domains” (csmd1) gene within the Oreochromis niloticus sex-determination 
region on LG1 remains collapsed. We have been able to partially assemble a subset of 
centromeres in cichlids for the first time and this has allowed us to place them in the 
context of evolving karyotypes. However, some centromeres remain unplaced. Full 
length assembly of all centromeres will allow for many new questions related to their 
functional and sequence evolution to be studied. The representation of recent 






networks, are now well represented for the first time. However, these recent TEs have 
only been assembled in two genomes and many additional high-quality assemblies 
will be required for assessing the role of recent TE activity across African cichlid 
species. The dizzying array of duplications, deletions and rearrangements on the 
rapidly diverging B chromosomes were assembled de novo for the first time. A 
comparison across Lake Malawi and Lake Victoria points to a shared and interesting 
history of B chromosome evolution in African cichlids. Additional genomes of B 
chromosome carrying species will help fully describe the evolution that has happened 
within them, their functional effects, and the role of B chromosomes in the evolution 
of cichlid genomes.  
Future advances in genome sequencing technologies will result in longer, 
more accurate and less expensive reads. It is my expectation that the resources 
produced in this dissertation will become stepping stones for newer, more complete 
genomes of many African cichlid species in the near future. Comparison of telomere-
to-telomere complete genome assemblies of a wide variety of African cichlid species 
is something that is feasable and exciting. This work has provided a blueprint for the 
present and future, while also generating many new and interesting questions that 














Size distribution of the M_zebra_UMD2 assembled haplotigs and theoretical 
recombination rate for several different effective population sizes 
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M_zebra_UMD2 FALCON p-contigs where markers from two or more different LGs maps aligned, indicating a potential inter-LG 
misassembly.  
key: 
detected in 1 of the 4 maps    
detected in 2 of the 4 maps    
detected in 3 of the 4 maps    
detected in all 4 maps    
likely not a misassembly    
 inspect this location Break? 
M. zebra x M. mbenjii (160 F2): 
000006F_pilon lg20, lg5  no 
000075F_pilon lg1, lg23 000075F_pilon|quiver:2233963-2424134 yes 
000432F_pilon lg13, lg2 000432F_pilon|quiver:568720-710844 yes 
    
L. fuelleborni x Tropheops ‘red cheek’ (262 F2): 
000034F_pilon lg18, lg6  yes 
000036F_pilon lg13a, lg13b  no 
000075F_pilon lg1, lg21 000075F_pilon|quiver:2233963-2424134 yes 
000105F_pilon lg10a, lg2 000105F_pilon|quiver yes 
000117F_pilon lg10b, lg20  yes 
000146F_pilon lg10a, lg17 000146F_pilon|quiver:216380-308914 yes 
000197F_pilon lg3, lg4 000197F_pilon|quiver no 






000455F_pilon lg14, lg8 000455F_pilon|quiver:108290-402879 yes 
    
M. mbenjii x A. baenschi (161 F2): 
000034F_pilon lg17, lg8  yes 
000075F_pilon lg1, lg9 000075F_pilon|quiver:2233963-2424134 yes 
000117F_pilon lg13, lg7  yes 
000258F_pilon lg20, lg22 000258F_pilon|quiver:150109-582071 yes 
    
M. mbenjii x A. koningsi (331 F2): 
000002F_pilon lg17, lg22 000002F_pilon|quiver:94485-465360 yes 
000007F_pilon lg11, lg7 000007F_pilon|quiver:1-477055 yes 
000034F_pilon lg18, lg6  yes 
000045F_pilon lg17, lg6 000045F_pilon|quiver:128119-312105 yes 
000075F_pilon lg1, lg23 000075F_pilon|quiver:2233963-2424134 yes 
000117F_pilon lg10, lg20  yes 
000146F_pilon lg10, lg17 000146F_pilon|quiver:216380-308914 yes 
000149F_pilon lg12, lg16 000149F_pilon|quiver:1063847-1399960 no 
000216F_pilon lg17, lg3 000216F_pilon|quiver:633635-885577 no 
000223F_pilon lg3, lg8 000223F_pilon|quiver:245368-788334 no 
000245F_pilon lg11, lg19 000245F_pilon|quiver:32581-349492 yes 
000261F_pilon lg1, lg23 000261F_pilon|quiver:489307-963566 yes 
000369F_pilon lg23, lg3 000369F_pilon|quiver:557152-578801 no 
000404F_pilon lg3, lg7 000404F_pilon|quiver:612567-697734 yes 
000415F_pilon lg1, lg18 000415F_pilon|quiver yes 
000521F_pilon lg15, lg17 000521F_pilon|quiver no 









Screenshot of IGV view to inspect potential misassemblies. In this example, a misassembly on this contig was confirmed at position 
420,665.  The top two tracks are the read coverage plots for the PacBio read alignments and show a sharp decrease in coverage at the 








M. zebra assembly contigs anchored with each of the 4 maps and aligned to 
O_niloticus_UMD_NMBU. Centromeres indicated with black triangles. Contigs are 



































































































































































Comparison of recombination in the four genetic maps. LGs from maps that needed 
to be reversed from their original published order are indicated in the legend. The 
detected misassembly is included as “LG12 misassembly”. B chromosome “blocks” 







































































● M. mbenjii x A. koningsi
M. mbenjii x A. baenschi
L. fuelleborni x Tropheops 'red cheek'
M. zebra x M. mbenjii
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O. niloticus recombination curves for females (red) and males (blue). Centromere repeats are displayed as green triangles where applicable. X-axis 
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